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A systematic experimental and analytic investigation of
the effect of nonuniform axial heat flux distribution on
critical heat rilux was performed with water in the quality
condition. Utilizing a model which ascribes the critical
condition, to either a nucleation-induced disruption of the
annular liquid film or annular film dryout, the experimental
results taken at low pressures (50-200 psia) were confirmed.
Application of this model to higher pressure conditions
(500-2000 psia) indicated qualitative agreement with available
data of other investigators.
Experimental data was obtained for flux distributions
representing cosine, linear increasing and decreasing, inlet
and exit peaked, spike and uniform shapes. These flux distrib-
utions were achieved by electrical resistance heating of test
sections whose outside diameter had been machined to the re-
quired dimensions.. In each case the critical location as well
as the total critical power was obtained by testing the tubes
in vertical upflow to failure.
The analytic prediction of the results for all flux shapes
has been achieved by development of a model which considers the
effect of nucleation within the annular film. It is thown that
the occurrence of the critical condition is related to the local
degree of nucleation (the ratio of the local flux to the flux
required to cause nucleation at the local conditions) and the
local film flow rate. Both the experimental total critical power
and the critical location are confirmed by this model. The
results indicate that the total critical power for the outlet
peaked flux distributions tested (ratios of maximum to minimum
flux of 2, 4, and 5.75 to 1) can be 15 to 30% lower than for
uniform flux distributions at comparable hydrodynamic operating
conditions. In addition, from this model for given operating
conditions, a locus of critical conditions can be constructed
from uniform flux distribution data which will enable predic-
tion of the performance of nonuniform flux distributions at
similar conditions of mass velocity, pressure and diameter.
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Flow cross sectional area
Inside surface area
Wall cross sectional area
Inside diameter
Specific heat at constant pressure
Constant associated with peaked
inlet and outlet flux distributions
defined by Eq. B-53
Constant associated with spike
(Cosine Shaped) flux distribution
defined by Eq. B-85
Outside diameter
Test section voltage drop







Test section heated length
Length of cosine portion of test
section length or spike length
(see Fig. 10)
Half-wavelength of cosine test sec-
tion which is truncated to lengthQ,
(see Fig. 10)
Half-wavelength of cosine portion
of test section which is truncated












































Length of test section for peaked
and spiked flux distributions de-
fined in Fig. 10.
Location at which saturation
condition is reached
Length over which quality condi-
tion exists
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1.1 Background of the Problem
Forced convection boiling of water in axial flow is being
utilized in pressurized and boiling water reactors and has been
investigated as a means for cooling the nozzles of electro-
thermal engines, electric-arc wind tunnels and nublear rockets.
One of the most important limits in the thermal performance of
such systems is the so-called critical or burnout condition.
This condition is characterized by a sharp reduction in ability
to transfer heat from the heated surface. Much test data are
available for uniform heat flux distributions along the test
section and numerous-correlations of these data have been pro-
posed. However, in reactor systems as well as high temperature
flow nozzles mentioned above, 'the heat flux distributions are
inherently nonuniform and possess such large gradients that
the existing uniform flux burnout correlations are not appli-
cable. In addition, although interpretation of the limited
data available on nonuniform heat flux distributions varies
as discussed in the literature survey of section 1.3, the
overall conclusion is that certain non-uniform heat flux dis-
tributions can significantly lower the critical heat flux com-
pared to a uniform heat flux distribution under similar hydro-
dynamic operating conditions. Therefore, it is highly desir-
able for design purposes to have a satisfactory method for
predicting the effect on the critical condition of nonuniform
heat flux distributions which exist in practice.
In general three basic axial flux shapes egist:
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(a) A reasonably symmetrical flux distribution with
central peak, approximated by a "chopped" cosine.
This corresponds to an end-of-core-life condition
where the flux is not significantly perturbed by
control rods or nonuniform burnup, or to a core
with chemical control
(b) A flux distribution markedly peaked near the inlet
of the channel, corresponding to a new, clean core
with control rods in the upper part of the core
(upflow); and
(c) A flux distribution markedly peaked near the exit
of the channel, corresponding to a maximum xenon
override condition where the control rods are
withdrawn but the upper part of the core has had
less burnup.
In addition to these macroscopic flux distributions, there may
be superimposed microscopic flux peaks which may occur at any
point along the channel. These flux peaks may be due to
nuclear effects (fuel peaks or water holes) or manufacturing
dimensional tolerances (fuel thickness or eccentricity) and
are of some short but undefined axial extent. It is the purpose
of this investigation to determine the effect of these types
of axial flux distributions on the critical heat flux in the
quality region by a systematic experimental and analytic
investigation. The two quantities of interest are (1) the
location of the critical condition and (2) the power input to
the reactor channel required to cause the critical condition,
1.2 Scope of the Research
I
A comprehensive experimental program was undertaken to
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investigate nonuniform axial flux distributions under bulk
boiling conditions. In addition to the flux shapes of direct
reactor interest, additional nonuniform as well as uniform
shapes were tested to permit more thorough analysis of the
fundamental nature of the critical condition. Also the flux
gradient was varied for several of the distributions tested as





Flux Distribution Minimum Flux
Uniform 1.0
Cosine 2.27, 4.03, 5.75
Linear Increasing 2.27, 5.75
Linear Decreasing 2.27, 5.75
Peak Inlet 5.75
Peak Outlet 5.75
Flux Spike (Step) 4.1 to 5.1
Flux Spike (Cosine) 2.27, 5.75, 7.00
The experimental program was run on the flow loop available in
the Heat Transfer Laboratory of the Mechanical Engineering
Department. Therefore the operating pressure was limited to
approximately 200 psia but the analytic results obtained from
this data were successfully applied qualitatively to the
higher pressure regions of practical interest. The ranges of
other operating and test section conditions are listed below.
TEST SECTION
Material - Aluminum Tubes
Inside Diameter - .214 Inches (.544 cm)
Heated Length - 30 and 48 Inches (76.2 and 122 cm)
Inlet Calming Length - 3.7 Inches (9.4 cm)
OPERATING CONDITIONS
Pressure - 60 to 200 psia (4.2 to 14 kg/cm2 abs)
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Mass Flow Rate - .5, 1.5 and 2.0x106  lbm2(680,2040,
hr ft
and 2720 kg/m2sec)
Inlet Temperature - 60 to 2900 F
Power - Direct Current Resistance Heating
Burnout Detection - Tubes Tested to Failure
It should be noted that several definitions of the critical
condition are used throughout the literature. Generally the def-
inition selected by an experimenter is related to the burnout
detection mechanism used. In this work since each tube was tested
to failure, the critical condition is taken as the physical
destruction of the aluminum test section. Correspondingly the
critical location is defined as the location of the test section
failure.
1.3 Literature Survey
Review of the literature on the subject of axial heat flux
distribution reflects the developing interest in this area
manifested by expanding experimental programs and more sophis-
ticated analytic procedures. However, as this literature is
reviewed it should be noted that for all efforts except that of
Becker(16 ) and Tong , which are the most recent, workers
have attempted to characterise the results by intuitive judg-
ments based on uniform flux results. Since uniform flux data
indicates that the critical condition occurs at the exit where
enthalpy is a maximum but heat flux is equivalent to that
all along the tube, it is not possible to distinguish whether
the critical heat flux is governed by local or integrated
conditions. Hence, in the case of nonuniform flux distribu-
tions, we find some test results are interpreted to suggest
that the critical heat flux is a function of local conditions
along the nonuniformly heated test section, while other results
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are interpreted to suggest that the total integrated heat
transfer or exit enthalpy determines the critical condition
which is therefore independent of the local conditions at
the critical location.
The seemingly perplexing part of this disagreement is
that reliable data supporting each interpretation has been
presented. In anticipation of the conclusions of this work
it can be stated that both the above interpretations can be
shown to be correct, if each is viewed witbin the framework
of a broader interpretation of the critical phenomenn. That is,
the critical condition is aphenomenon which, when represented
by the analytic model developed in this work, is dependent on
both local and integral conditions, the relative importance
of each, depending upon the existing thermal and hydrodynamic
conditions.
Among the earliest results were those of the Bettis
Plant reported in the summary report by DeBertoli et al(l)
which includes results of DeBortoli, Roarty and Weiss(2) and
Weiss(3). These results consisted of the two basic kinds of
nonuniform heat flux experiments (1) gradual variation of
axial heat flux in cosine or other shape distributions where
(d(q/A)/dx is small) and (2) axial step changes in heat flux
commonly called hot-patch or spike tests.
The cosine tests reported by DeBertoli were for a
rectangular test section (0.055 in. x 2.116 in. x 27 in. or
0.14 cm x 5.36 cm x 68.5 cm) with 2000 psia (136 atm) water
*Numbers in parentheses refer to references listed in the
Bibliography.
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for a center-peak-to-minimum heat flux of 4.0 and maximum-to-
average of 1.38. The critical condition always occurred between
the peak flux location and the channel exit. A plot of local heat
flux vs. local enthalpy at the critical condition resulted in
a downward sloping curve which was approximately 70% of the
critical heat flux calculated for a uniform flux distribution
at the same mass flow velocity and exit enthalpy by the
Bell(4 ) correlation. A surprising result was the observation
that with the central peak in the cosine distribution the
magnitude of average heat flux vs exit enthalpy when a criti-
cal condition exists somewhere along the tube length would lie
close (+15% to -25%) to a plot of critical heat flux vs exit
enthalpy for the uniform flux distribution data.
The hot-patch tests performed at Bettis utilized a rec-
tangular channel (0.097 in. x 1.0 in. x 27 in. or 0.25 cm x
68.5 cm) with water at 2000 psia (136 atm). The first 26 5/8
in. (67.5 cm) of the channel were at a uniform heat flux 01
and the last 3/8 in. (0.95 cm) was operated at heat flux 02
where 02/01 was maintained at 1.98 throughout the tests. The
results are shown in Fig. 1 where the upper curve is 02 at the
critical condition and the lower curve is the corresponding
magnitude of #1=02/1.98. Superimposed on this plot is the
curve for 031 the critical heat flux obtained for the same
exit enthalpy and flow rate when the channel is uniformly heated
along the entire 27 in. (68.5 em) length. At around 60 OF
(33 00) exit subcooling, 02=03, and at exit quality of around
50%, 3 1i. It is seen that the ratio
Ep =( -)
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decreases from around unity well in the subcooled region to
near zero as quality increases. These results show that for
the subcooled exit region, where E p=1, the equivalent hot-patch
heat flux must be achieved in the uniformly heated case to
obtain burnout, hence suggesting the importance of local condi-
tions in the burnout phenomena. On the other hand, in the 50%
quality region, where E=O, burnout is achieved at the same
exit enthalpy even though the hot-patch heat flux is greater
than the uniformly heated tube flux. This suggests that the
integrated conditions are of prime importance in this region.
These initial results illustrated the existence of non-
uniform flux effects and indicated the need to allow for these
effects in design, particularly since these distributions could
lower the critical heat flux from that expected by extrapola-
tion of uniform flux distributions data. The next investiga-
tion in this area was an extensive program performed by
Swenson et al(5), with 2000 psia (136 atm) water for cosine
distributions with central peak, central peak with spikepeak
near inlet and peak near outlet in 0.411 to .446" dia. (1.04 to
1.17 cm) and 72 in. (183 cm) long tubes. The flux spike tests
were very limited but did indicate a decrease in effective-
ness, EP, as the exit quality increased in agreement with
the Bettis results. However, in this case the quality
range was limited to approximately 30% to 24%. For the,
central-peak flux distribution, the data at the critical
location was about one-half of the magnitude of (q/A)crit at
the same enthalpy in a tube with uniform flux distribution.
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The data for both skewed coeine distributions were still
lower. The average heat flux vs exit quality (critical condi-
tion existing between the location of the peak flux and the
exit) agreed reasonably well with (q/A)crit vs.exit enthalpy
for uniform flux distribution for the central peak and the
peak-near-outlet data but the data for peak-near-inlet fell
much below this. These results indicate that when additional
flux distributions are considered, the apparent success ob-
tained with cosine and central peak distributions in comparing
the average critical heat flux to the critical heat flux for
uniform distributions cannot be generalized. This fact should
be borne in mind in the following discussion of other programs
which have achieved success in applying such techniques or their
variations to cosine shape distributions only. From a
practical point of view, these techniques of simple comparison
with, or extrapolation of, uniform heat flux data give reasonable
answers when applied to cosine distributions and can be used in
these cases. However, for the important cases of peaked inlet
and outlet distributions, these techniques fail dramatically
and thus indicate that these methods are not based on a correct
fundamental interpretation of the critical phenomena.
Reported programs in this group which deal exclusively
with the cosine flux distribution include that of Janssen and
Kervinen (6), Casterline and Matzner (7, Shaefer and Jack 8 ),
Lee and Obertelli(9 and Loee(lO). Janssen and Kervinen
carried out experiments for cosine, and truncated-
cosine heat flux distributionsfor an annulus (0.54 in. x
0.875 in. x 100 in. or 1.37 cm x 2.22 cm x 254 cm) with only
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the inner rod heating 1000 psia (68 atm) water. The ratios of
maximum flux to minimum flux, M, were 1.86, 3.25 and 3.5. In
all cases the inlet was subcooled and the operation was reported
to be stable without noticeable flow oscillations. The data
from these experiments was analysed by plotting local heat flux
versus local quality for all points on the cosine test section
at the critical power on the same curve with similar data for
uniform flux distributions as represented by a General Electric
correlation for such data (see Fig. 2). Assuming that the
critical condition depends only on local conditions, the point
of tangency between these curves will allow prediction of (1)
the burnout location and (2) the power level at burnout. Based
on this type of analysis, the cosine data was about 9 to 20%
lower than predicted. Considering that (1) the actual burnout
location was uncertain to at least +1 inches due to placement
of thermocouples whose temperature rise was monitered and (2)
that the uniform rod data upon which the correlation was based
had a deviation of the same order as above (9 to 20%), the
method predictsthe cosine distribution behavior well. However,
it should be noted that using the same uniform correlation and
the integrated burnout concept, the cosine average heat is also
within 20% of the uniform critical heat flux. Thus for cosine
data of reasonable steepness, predictions of comparable
accuracy can be obtained with the two basically divergent
views of the burnout phenomenon.
Similar results were obtained in the high mass flow range
(G 23.0xl06 lbm/hr ft2) by Casterline and Natzner(7) who carried
out cosine distribution experiments in a 192 in. long (487 cm)
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.400 inch diameter (1.02 cm) tube with water at 1000 psia
(70.2 kg). However for lower mass flow rates, the cosine tube
cm
supported higher heat fluxes for the same local conditions than
the uniform tubes. Thus for lower mass flow rates, analyses
based on both local and average conditions fail for this dis-
tribution with the rather extreme ratio of MAXIMUM FLUX/
MINIMUM FLUX = 34.8. However this discrepancy may be due to
the presence of reported severe pressure oscillations which
were probably due to the inherent compressibility existing in
the void fraction in the long tube since the inlet conditions
were in all cases subcooled.
Limited but interesting data applicable to nozzle cooling
applications was obtained by Schaefer and Jack(8 ) for central
peak shapes at very high heat fluxes. These experiments were
performed with tubes having heated lengths of 1.5 and 5.5 in.
(3.81 and 14.0 cm), .120 in. (.304 cm) diameters in 200 psia
(14.0 m2) water. The flux gradient was large since the heated
cm
length was short and M large (5.88). The experiments were run
at high mass velocity (G = 4.0x107  lbm 2) and yielded high
hr ft
local critical heat fluxes (q/A = 4.0x107 -B 2)' Hence this
hr ft
data which is outside the normal range of variables is avail-
able for comparison with new methods of analysis.
Extensive additional tests with cosine flux distributions
have been reported by Lee and Obertelli(9) and Lee(1()). These
experiments were performed with 60 to 144 in. (152 to 366 cm)
tubes of diameters .373 or .383 in. (.95 or .975 cm) in water
at pressures of 550 to 1600 psia (38.6 to 112 akg). The first
cm
report surveys the entire range of variables listed, while the
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second report contains data from the 144 in. long tubes at 1000
psia only. These reports show that the average heat flux condi-
tion for estimating burnout is satisfactory. This condition
can be expressed as the equivalence of the average cosine heat
flux with the critical uniform heat flux under the same thermal
and hydrodynamic test conditions or simply as equivalence of
total input power to the test sections in each case. The
reports also introduce another prediction method based on the
integrated condition concept. In this case prediction of burn-
out power and location is obtained as the point of intersection
between cosine and uniform data on a local heat flux versus
length plot. However, the length used on this plot for the
uniform case is an equivalent length which is defined as
LE r 9 h OMZXcos( )dz
where O(Z) = heat flux on the cosine tube at a point distant
(Z) from the inlet. In this manner, for each location on the
cosine tube, an equivalent length of a uniform tube is defined
such that the local heat fluxes and integrated power inputs
are the same at that point (Z) for uniform and cosine heat
flux distributions (see Fig. 3). Using this refined method
good results for the critical power and location are achieved
for the range of cosine shapes tested (M=5.0).
Only three additional investigations have been completed
utilizing flux distributions other than the cosine shape.
Bertoletti et al(11) tested rods 25.4 in. long (64.5 cm) of
.318 in. diameter (.807 cm) in water at 1020 psia (71.5 kg/cm 2).
These sections represented linear increasing and linear decreas-
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ing flux distributions in addition to cosine and uniform dis-
tributions. In all nonuniform distribution cases the maximum
flux to minimum flux ratio, M, was about 2.3. The data was
presented to show the equivalence of total power input for test
sections of all flux distributions for the same thermal and
hydrodynamic test conditions. Review of the data confirms this
equivalence for the cases of inlet quality above saturation.
However for subcooled inlet conditions, which are of direct
interest to many practical applications, divergence of total
power input of up to 10 to 20% between the various flux dis-
tributions is apparentwith the exit peaked distribution
exhibiting the lowest allowable total power. Additional CISE
data reported by Silvestri(12) further indicates that the total
power input is not independent of flux shape for subcooled
inlet conditions. In these experiments,heat was added uniformly
over only the first and last quarter of the tube with the
middle half being unheated. The data showed that for, subcooled
inlet conditions,the total power for the nonuniform flux dis-
tribution was also up to 10 to 15% below that for the uniform
flux. Such deviations, which were also previously pointed out
for exit peaked shapes in Swenson's data of reference (5), are
of direct consequence to reactor design for the control-rods-
withdraw configuration. In addition this deviation illustrates
that the total power input equivalence concept is not valid over
the complete range of nonuniform flux distributions of interest.
The experiments of Styrikovich et al(13) were performed in
6.3 in. (16.0 cm) long tubes of diameter .236 in. (.6 cm) in
water at 1470 and 2000 psia (103 and 140 2). The outside
cm
-13-
diameter of the test sections varied linearly (increasing and
decreasing) with length, hence the flux distribution varied as
the square of the external diameter. Results with subcooled
inlet conditions, which did not exhibit flow pulsations, indi-
cated that the local critical heat flux for both increasing
and decreasing flux shape was greater than the uniform critical
heat flux at the same iraet _ronditions. In addition for the
linearly decreasing flux, the onset of the critical condition
occurred near the inlet as contrasted to the CISE
tests where it was detected by wall thermocouples to set at the
tube exit in all cases. To explain these results, the proposal
is advanced by Styrikovich that the deviation of the upstream
heat flux distribution from uniform causes an attendent devia-
tion in vapor content in the boundary layer. Postulating that
the vapor content in the boundary layer is effective in aiding
or retarding the vapor film formation which causes the critical
condition, higher upstream heat flux is predicted to promote
achieving the critical condition while the reverse holds for
lower upstream heat flux levels. This qualitative explanation
has been modified and adopted in part in the analysis of the
data of the present investigation.
Duke(14 ) performed a series of critical heat flux and
film heat transfer coefficient measurements with an exponential
decreasing flux distribution (M=27.0) in 36 in. (91.5 cm) long
tubes of .187 in. (.476 cm) diameter in water at 535 to 1915
psia (37.5 to 134.5 kdi). The range of mass flow rates inves-
cm 6
tigated was limited to the rather low values of .01 to .24x10
lb/hr ft2 (13.6 to 325.0 k ). The results for both critical
m 2sec
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heat flux and heat transfer coefficient were correlated by
statistical techniques and hence application of these correla-
tions outside the limited range of variables investigated is
very questionable.
Additional investigations with varied nonuniform flux dis-
tributions are presently being carried out' in the USA and
Sweden. The U.S. work is being performed at Babcock and
Wilcox Co. on 72 in. (183 cm) long tubes of .446 in. (1.13 cm)
diameter in water at pressures of 1000, 1500, and 2000 psia
(70.2, 105 and 1140.14 -). The flux distributions include
cm(5)those of the previous Babcock and Wilcox work as well as
several of the same distributions tested in annular configura-
tions. The most recent progress report(15) tndicated that
the data agreed well with that of their previous program.
Preliminary Babcock and Wilcox review of this latest data indi-
cated that analysis based on local condition hypothesis was not
valid whereas analysis based on the integrated average critical
heat flux or the input power to the critical location looked
promising. Such an analysis is a variation of the total input
power equivalence but realistically considers only the power
input to the critical location.
The Swedish work(16 ) is being performed for linear increas-
ing and decreasing flux distributions in .236 in. and .394
in. (.6 cm and 1.0 cm) long tubes. The local burnout heat
flux data is apparently predicted by the correlation of
Becker(l7) when the nonuniform heat flux is accounted for in the
related heat balance equation. The basic correlation is a
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simplification of the results of Isbin(lS) which assumes the
critical condition to occur at the axial position where the
annular liquid film disappears. Becker achieves simplification
of Isbin's model by assuming based on his own data for uniform
tubes that the critical condition is a function of local condi-
tions only. The success of this local condition hypothesis in
predicting the critical heat flux for linearly increasing flux
distributions is not surprisingsince in this case the local
flux and local enthalpy are both a maximum at the critical
location. However, this is not the case for linearly decreasing
flux where upstream burnout may occur and here the accurate
predictions obtained may be significant. However a significant
drawback of the entire procedure is that the critical location
is not predicted and in fact the calculation of critical heat
flux requires knowledge, presumably to be supplied from experi-
mental data, of the critical location. However since the
completed report is not yet available, comprehensive critical
review of this method of analysis is not yet possible.
The most recently published work is that of Tong et al(l9)
in which the hypothesis is forwarded that the critical condi-
tion occurs when the enthalpy of a superheated liquid layer
adjacent to the heated surface reaches a limiting value. The
superheated layer is presumably formed and maintained by a
bubble layer which isolates it from the core. The limiting
enthalpy value of nonuniform flux cases was taken equal to that for
a uniform flux. Using this approach a correction factor, F,




q DNB, equivalent to uniform flux
q DNB, local in nonuniform flux
The analytic expression for F is a function of (1) local criti-
cal heat flux, (2) a constant C which was determined to be a
function of local conditions and (3) an integral of local heat
flux weighted by the factor eC(DNBz). Thus we see F
combines local (1 and 2) and integrated (3) effects in a manner
determined by the model chosen. This method is applied to
experimental data of many varied flux distributions yielding
predicted F values within + 25% of experimentally determined
values. While this agreement does not significantly improve
the accuracieb available from other schemes, the method
does yield the following significant result. In the subcooled
and low quality region, the factor C is large and thus the
product C (lDNB-z) is small. This reduces the weighting fac-
tor and results in local conditions primarily determining the
critical condition. Conversely for high qualities, C is
small and integrated conditions primarily determine the criti-
cal condition. Using a basically different model for the
critical condition, this same dependence of the critical
condition on local versus integrated conditions is obtained
in the present work.
From the foregoing review of the literature, we see that
most attempts to deal with nonuniform flux effects have been
based a priori on a concept that the critical condition is a
phenomenonrelated to either local or integrated conditions.
Significantly these attempts have satisfactorily predicted behavior
over only narrow parameter ranges. In addition their apparent
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successful interpretations of similar data from diametrically
opposite viewpoints has lead to much confusion. The efforts of
Becker(16 ) and Tong 19 while not yet pointing the way to a
general satisfactory solution of the problem, have been based
on postulated models of the heat transfer and critical phenomenon.
In the case of Tong in particular, the application of the model
itself to the various nonuniform flux distributions determines
the relative importance of local versus integrated conditions.
Such an approach seems to be the most reasonable method of
analysis and it is along these lines that the subject investi-
gation has been directed. However, to fully comprehend the
formulation of the model which has been applied, it is necessary
to review what is known regarding the flow of water and steam
in heated tubes. In the next chapter,- therefore, the subject
of two phase flow in tubes with heat addition will be discussed
as it relates to the subject experiment.
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CHAPTER II
TWO PHASE FLOW WITH HEAT ADDITION
To provide a sound basis for the developments presented in
Chapter IV, the present understanding of two phase flow in
tubes with heat addition will be reviewed.
2.1 Flow Regimes
Consider a cylindrical tube with vertical upflow of
water under forced convection being electrically resistance
heated. Adapting the, discussion of Milioti(20) let us review
with reference to Fig. 4 the dominant flow regimes and associa-
ted heat transfer mechanisms which will ideally exist along the tube.
Coolant water entering the bottom of the tube is below the
saturation temperature corresponding to its pressure. In Sec-
tion 1, where subcooled water exists forced-convection governs
the heating process.
As the water temperature approaches the saturation value,
the surface temperature reaches the saturation temperature. As
soon as the surface temperature exceeds the saturation tempera-
ture by a few degrees, the liquid immediately adjacent to the
heated surface becomes superheated. In this condition, if the
degree of superheat is sufficient, bubbles can form along the
surface at suitable nucleation sites. Under certain conditions
bubbles have been found to slide along the wall surface in the
direction of flow, As the bubbles grow larger, they detach
from the wall and enter the fluid stream where they collapse
because of the cooler bulk stream temperature. This Section, 2,
is the subcooled nucleate boiling region.
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When the bulk stream temperature reaches saturation, the
bubbles can now be sustained in the turbulent flow of water.
This Section, 3, is the saturated nucleate boiling region char-
acterized by very high heat transfer rates. It is in
this region that the quality of the two-phase flow begins to
increase. The bubbles cause a very high turbulence in the
superheated liquid, as they grow and detach themselves from the
wall. This intense turbulence of the liquid upon the surface
accounts for the high heat transfer rates in this bubble flow
region. As more and more bubbles form at the wall and join the
bulk stream, they start to coalesce and form larger bubbles.
This tendency is expected, because a large bubble has less
surface area than the equivalent volume of small bubbles and
thus there is a tendency for bubbles to agglomerate. The flow
is now unstable under all conditions, and eventually slugs
of intermittent water and steam give the hydrodynamic pattern
called slug flow as shown in Section 4.
Downstream from Section 4, the steam slugs begin to pre-
dominate and the steam increases in proportion to the water to
the point where it can now be considered the continuous phase.
A thin film of slow moving superheated liquid forms on the wall,
while the steam flows in the central core. The liquid film
thickness is of the order of thousandths of an inch and has a
wave-like surface. The steam moves with a much higher velocity
than the liquid film, resulting in high heat transfer coeffic-
ients and an annular slip-type flow shown in Section 5. There
is usually also a spray of small droplets in the steam core,
hence, the name spray-annular flow region. Through Section 5,
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the liquid film flow rate on the wall decreases due to net
entrainmept of liquid from the film and evaporation of the
film. Depending on the local heat flux and quality, nuclea-
tion can also occur within the thin liquid film. Heat transfer
can be though of primarily as conduction through the liquid
film with evaporation at the liquid-vapor surface.
When Section 6 is reached, the liquid film has disappeared,
the wall is dry, and one finds tiny droplets of water in the
steam. As soon as the liquid film is destroyed and the wall
dry, the evaporative cooling of the wall breaks down, causing
a very large decrease in the heat transfer coefficient with a
correspondignly large increase in wall temperature. In Sec-
tion 7, single-phase dry saturated or superheated steam is
present. Because only single-phase steam is present in this
region, it can be considered a film boiling region. However,
the heat fluxes which can be carried under this condition are
considerably lower than those which can be carried with non-
film boiling.
From this discussion, it is seen that the critical condi-
tion can be caused by at least two different mechanisms, (1)
in the subcooled or low quality region by a vapor blanketing
of the tube wall, or (2) in the high quality region by dryout
of the liquid film. In fact, the occurrence of the critical
condition can also be postulated to be caused by a nucleation
induced disruption of the liquid film or by the instability
characteristics of the slug region. Hence it is desirable
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to quantitatively identify the existence of the various flow
regimes possible and the transitions between these flow regimes.
Flow maps exist for predicting this information for adiabatic
systems but since the effects of heating tend to distort the
regime boundaries, such maps are not an accurate representation
of conditions with heat addition. Generally speaking, heating
may be expected to promote the transitions between the regimes
shown in Fig. 4 so that for given pressure and mass flow rates
these transitions occur at lower qualities than in the adiabatic
case. In particular the bubbly flow region may be suppressed
and the flow may go directly from single phase to slug flow.
Similarly the slug-annular transition may occur at lower
quality. From limited results reported at high pressures by
Suo(21) and at low pressures by Lopina (22), such expectations
seem to be borne out.
With regard to the low pressure conditions of the subject
tests, the corrections to an adiabatic flow map due to heating
are small since the flow regime transitions occur at relatively
low qualities. Considering the test conditions and the dimen-
sions of the test sections, the relevant flow regime map for
these experiments is presented in Fig. 5. The transitions
pictured are limited to the transitions to annular from both
bubble and slug.
At high mass velocities the annular transition is taken
from the correlation of Baker. (24) For these conditions, the
slug regime is suppressed and the transition occurs directly
from bubbly to annular flow over the quality range of approxi-
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maetly 6 to 10%. It should be recognized that at a given
mass flow rate this transition to annular flow is gradual and
intermediate flow regimes are probably encountered before
true annular flow is achieved. As Fig. 5 shows, this transi-
tion describes conditions in the region of the test condi-
tions investigated. Due to non-adiabatic conditions, addi-
tional uncertainties in the actual location of the flow
regime transition are introduced. Hence a mean value of 8%
was chosen to characterise the annular transition for all
three flow rates of the subject data.
For completeness, the annular transition at lower flow
rates is also illustrated on Fig. 5. At these low flow
rates, the transition is from slug to annular flow and was
calculated from the correlation of Haberstroh and Griffith. (23)
2.2 Critical Heat Flux
Prediction of the critical heat flux for uniform flux
distribution is necessary in this study for two reasons:
(a) a uniform flux distribution correlation is required to
evaluate published correlation methods for nonuniform flux
distributions such as that of Janssen et al(6) and Lee(lo).
(b) test runs with uniform distribution should be checked
against available correlations to insure that operating
procedures and the experimental rig are performing satis-
factorily.
-23-
Unfortunately there is no existing low pressure (14.7 to
200 psia) quality range correlation which is applicable over
a wide range of test conditions and geometries. In fact data
in this region is limited to that of Lowdermilk and Weiland(25),
Jens and Lottes (26), Lowdermilk, Lanzo and Siegel(2),
Becker (28), Becker and Persson (17) and Lopina(22). From this
datag four correlations are available which use certain of
this data as indicated below:
CORRELATION DATA SOURCE
Lowdermilk, Lanzo and Siegel(27) Lowdermilk, Lanzo and
#Siegel (7
Von Glahn(29) Lowdermilk, Lanzo and
Siegel (27)
MacBeth(30) Lowdermilk and Weiland(25) 15
Jens and Lottes(2 6) psia
Becker(2 8 ) 250
psia
Becker and Persson(l7) Becker(28 ) , Becker and
Persson(17)
The correlation of Lowdermilk, Lanzo and Siegel(27) is
based on their data obtained at inlet temperature of 759F
atmospheric exit pressure, and diameters from 0.051 inches
to .188 in. The correlation establishes two burnout regimes: a
high velocity, low-exit quality regime for G/(L/D)2 < 150 correlated
by (q/A)CRDO.2 (L/D)0 .15 = 1400 G0 .5
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and a low velocity, high exit quality regime for G/(L/D)2 >150
correlated by
(q/A)CRD0.2(L/D).85 = 270G0.85
The correlation of Von Glahn(29) is intended to cover
cryogenic fluids as well as water over the pressure range 14.7
to 2000 psia. The correlation is based on a relationship
developed between Xc, a critical vaporization parameter, and a
function consisting of several dimensionless groups. Specifi-
cally
GD P r0.4 0.4 
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the functional relation f being graphically described in the
NASA report.
The MacBeth correlation(30) also represents data as either
a high-velocity or a low velocity regime with the boundary
between regimes defined graphically. For a system pressure
p <200 psia, and a L/D K200, the maximum mass velocity for
6 2
existence of a low velocity regime is .25x10 lb/hr ft2. Thus
the data for this report lies within the high velocity regime
which is given as
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Finally the correlation of Becker(l7) as discussed in Chapter I
covers the pressure range 142.5 to 195.0 psia. The correlation,
which is based on extension of the flow model of Isbin(l8 ) is
presented as curves of
1 1/2 versus XCRIT
q/A( )
where XCRIT - the steam quality at the critical location
q/A =surface heat flux, 2
- mass velocity.*F m2 S
Each of thacorrelations together with the uniform flux
distributlon data of this report are plotted in Figs. 6, 7, and
8. The wide variation in predicted critical heat flux values
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is obvious. In addition the dependence of critical heat flux
on pressure for the MacBeth correlation is opposite to that for
the Becker and Von Glahn correlations. In appraising these
figures the following conclusions can be drawn (the deviation
between stable and unstable points will be discussed in
Chapter III).
(1) The MacBeth correlation contains only the early and
limited data of Lowdermilk and Weiland(25), which is suspect to
flow instabilities as described in the later report by Lowder-
milk(27), and the data of Jens and Lottes (26) which was taken at
low flow rates (.01 to .04x10-6 lb/hr ft2) in large diameter
(.94 in) tubes. Hence this correlation would not be expected
to yield reasonable results for the subject test conditions.
(2) The Von Glahn and Lowdermilk correlations are based on
Lowdermilk(27) data which had limited diameters (up to .188
inches) and a single subcooling. Thus as discussed by Lopina 22)
for the test diameters of the subject test data, these correla-
tions are not applicable.
(3) The Becker correlation yields good agreement with
results at low flow rates (G = 0.5x106 lb/br ft2). As flow
rate increases, the agreement becomes poorer.
(4) The 250 psia prediction of MacBeth's correlation
agrees well with the data. However the data is at generally
lower pressures than the pressure for which the correlating line
was established.
These results indicate that the available low pressure corre-
lations do not appear to be based on the correct fundamental vari-
ables. Hence although each is satisfactory over the range of data from
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which it was derived, none can be safely extrapolated to the
desired region of the subject test conditions. Therefore,
the best empirical procedure for representing the present
data appears to be use of a simple equation of the form,
q R= C1 + AM where the constants can be deter-




3.1 Description of Apparatus
The following section contains a description of the experi-
mental facility and test sections which was used in this inves-
tigation. This was divided into four categories: the hydraulic
system, the power supply, the associated instrumentation and the
test sections. Although detailed descriptions of the apparatus
are available in other reports,(31) they are repeated here for
the convenience of the reader. The basic apparatus had been
designed and constructed in a previous study by Bergles.( 32 )
3.1.1 Hydraulic System
A schematic of the flow loop is shown in Fig. 9. The
pipings and fittings, all of brass and stainless steel for corro-
sion resistance, are erected around a test bench constructed of
Dexion slotted angles and plywood. Rayon reinforced rubber hose
was used where flexible connections were required. Flow circu-
lation is provided by a Fairbanks Morse two-stage regenerative
pump (260 psi at 3.6 gal/min) driven through a flexible coupling
by a 3 HP Allis Chalmers induction motor. To avoid contamina-
tion of the system water, the pump was fitted with special
seals of teflon-impregnated asbestos. A relief valve set for
300 psi protected the pump casing from overpressure.
The main flow loop contains a Jamesbury ball
valve to control the overall pressure drop. The test section
line, installed in parallel with the main loop can be isolated
by means of two more Jamesbury ball valves. To limit coolant
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loss upon test section failure,upstream and downstream check
valves-were built into the test section connector pieces. The
upstream valve contains a spring sized to hold the valve open
during normal operation with system pressure on either side of
the valve but closed at test section failure with system
pressure upstream and ambient pressure downstream. The down-
stream valve is simply held open by system pressure during
normal operation but closed at test section failure by the
pressure difference between the back system pressure and the
ambient test section pressure. The test section flow rate is
controlled by means of Jenkins needle valves set just upstream
and downstream of the test section itself. The valve down-
stream is particularly useful in adjusting test section
pressure. The test section line also contains two basic
Fischer-Porter flowmeters with the appropriate isolating valves.
Four Chromalox heaters of approximately 6 kw. each are also
provided to control the test section inlet temperature. Three
of these are controlled simply with "off-on" switches while the
fourth can provide a continuous range from 0 to 6 kw. by means
of a bank of two variacs mounted on the test bench. Pressure
fluctuations at the outlet of the pump are damped out by means
of a 2.5 gallon Greer accumulator charged with nitrogen to an
initial pressure of 40 psi. This accumulator contains a
flexible bladder-type separator which prevents the nitrogen
from being absorbed by the system water. A Jamesbury ball valve
isolates the accumulator from the loop at shut-down.
Since the system is closed loop, the heat added to the
system water is rejected to a shell-and-tube heat exchanger
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connected to a city water line. Due to seasonal temperature
variations, the minimum operating temperature varies from
approximately 500F in the winter to 750F for summer operation.
Continuous deionization and deoxygenation is provided in a
parallel loop containing four resin beds, two of which provide
deionization and the other two, deoxygenation. The conductivity
of the loop water may be maintained at 1.5 x 106 ohm-cm as read
on a Barnstead meter. In order to insure a minimum of dissolved
air in the system, a 5 gallon degassing tank was provided with
five electrical heaters (3-220 VAC and 2-110 VAC), This tank
was also used to provide makeup water to the system. A storage
tank for filling the system and degassing tank was mounted
above the degassing tank and could be filled with distilled
water from standard 5 gallon bottles with a small fypro pump.
Both the storage tank and the degassing tank were equipped
with glass sight gages so that the proper levels could be
maintained.
3.1.2 Power Supply
Power was supplied to the test section by means of two 36
kw. Chandrysson externally excited generators, each capable of
delivering 3000 amperes at 12 volts. The generators are
driven by 440 volt-3 phase-600 rpm synchronous motors.
The power could be regulated from zero to maximum power
as desired through a portable control console. The generator
outputs were connected in series and the output from one was
added to or subtracted from the output of the other. Water-
cooled shunts, installed in parallel with the test section, selim-
inated the shock of a sudden open circuit caused by a test section
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burnout.
An existing buss-bar system was used, with the addition of
air cooled copper braided cables just at the test section. The
use of these flexible cables permitted flexibility in the size
of the test section which could be accomodated. At the up-
stream end of the test section, the cable assembly is clamped
to an aluminum plate to which a rigid aluminum test section
holder is attached. At the downstream side, the connection to
the test section holder is accomplished by a flexible braided
conductor. This entire connection to the test section was put
in tension by a spring arrangement to assure adequate allowance
for thermal expansion of the test section. The test section
holders were made of aluminum plate in two segments which, when
bolted together, clamped to a bushing surrounding the test
section. The downstream end of the test section was connected
to the piping with rubber hose to provide electrical insulation
and increased flexibility.
3.1.3 Instrumentation
Instrumentation was provided to monitor the steady-state
and transient conditions throughout the system. Pressure gages
on the main loop, as indicated in Fig. 9, aid in adjusting the
pressure level in the test section and in determining system
stability. A thermocouple was installed in the degassing tank
to monitor the water temperature during degassing operations.
Another at the discharge of the pump insured that the water
temperatures in the deionizing beds never exceeded 1400F. A
variety of metering tubes and floats which could be installed
interchangeably in the basic Fischer-Porter flowmeter housing
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provided measurement of the test section flows from 1.5 to
4000 lbm/hr. The results were calibrated at installation and
checked periodically against the initial calibration.
The test section itself was instrumented with thermocouples
to record inlet and outlet water temperatures. In both cases,
the thermocouples were located at positions where the flow was
well-mixed. At the downstream end, the thermocouple was
located far enough from the exit of the heated section so that
it could be safely assumed that the vapor fraction is completely
condensed.
Thermocouples were constructed from Leeds and Northrup
24-gage duplex copper-constantan wire. Calibrations were per-
formed and deviations from N.B.S. standard tables were found to be
slight so that no corrections were necessary. All of the
thermocouples were connected to a common ice junction through
a twelve position Leeds and Northrup thermocouple switch. The
output could be read on either a potentiometer or a recorded.
The recorder is a pen-type, single channel instrument manufac-
tured by Minneapolis-Honeywell Brown. There are five manually
selected ranges for o-6, 5-11, 10-16, 15-21, and 20-26 milli-
volts. Occasional calibration against the potentiometer
insured the accuracy of the recorder to within .01 millivolts,
Test section pressures, both upstream and downstream were
monitored on 4 1/2 inch U.S. gage supergages with 0-200 psi
range. Each gage was checked on a dead weight tester and cali-
brated to an accuracy of approximately .5 psi over the entire
range. They were checked against one another periodically at
various static pressure levels under zero flow conditions.
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Porous-plug snubbers were provided to protect the geges from
severe pressure fluctuations.
The heat input to the test section was computed from
measurements of the voltage drop across the heated length and
the current to the section. The voltage drop was read on a
Weston, multirange d.c. voltmeter with a specified accuracy of
±1/2% of full scale. The current was inferred from the
voltage drop across an air-cooled N.B.S. shunt with a calibra-
ted conductance of 60.17 amps/m.v.
3.1.4 Test Section
The required flux shapes were obtained by machining the
tube outside diameter to obtain the desired variation in wall
cross-sectional area since electrical power generation is
directly proportional to resistance. The design was made
within the limits imposed by (a) available power and hydraulic
supply (b) test conditions and geometries desired for investi-
gation and (c) materials having adequate resistivity and
machinability. A discussion of the interplay between these
variables and the final test section designs is presented in
Appendix C. Confirmation of the shape of the experimental
flux distribution was obtained on a sampling basis by room
temperature incremental resistance measurements and by 100%
inspection of resultant outside diameter dimensions. Details
of the results of these procedures and discussion of other
factors affecting the shape of the experimental flux distrib-
ution are included in Appendix A. See Figure 10 for schematic
presentation of the various test sections used in the inves-
tigation.
3.2 Experimental Procedures and Experience
3.2.1 General Loop Operation
Many aspects of the experimental procedure, particularly
the installation of test sections and final preparation of the
loop for operationwere common to all types of runs. Distilled
water was pumped into the storage tank from the standard five
gallon bottles. The system and degassing tank were filled by
gravity. Vents on the flowmeter, preheaters, test section,
exit plenum, and the deionization tank were opened to allow the
displaced air to escape. The degassing tank vent was open at
all times. The other vents were closed when no further bubbles
were seen. The pump was then turned on and all valves opened
and closed several times to dislodge any remaining air pockets,
The vents were then opened and closed again in turn until air-
free water was obtained at each vent. Visual observation of
the flow through the glass flowmeter tube aided in determining
when the system was free of air.
At this point, all the degassing tank heaters were turned
on, and water was circulated through the system. The tempera-
ture of the degassing tank water was monitored on the recorder,
and all but one of the heaters turned off as the boiling point
was approached. If this was not done, the degassing tank was
found to boil too vigorously with the result that considerable
overpressure built up in the tank and a large amount of water
was forced out through the vent. When boiling occurred,
water from the loop was bypassed into the degassing tank. The
amount of flow was regulated so that a small but continuous
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flow of steam issued from the vent hose. The system water was
effectively degassed by being dumped into the boiling water at
the top of the degassing tank. This was continued until the
temperature in the loop rose to approximately 180 0F. Care was
taken to shut off flow to the deionization tank before the
loop temperature exceeded 1400F. The entire procedure took
about 30 minutes. A standard Winkler analysis, described in
Reference (32), indicated that this method of degassing reduced
the air content to less than .1 cc air/liter. Upon completion
of the process, the remaining tank heaters were shut off, and
the heat exchanger turned on. The flow of system water to the
degassing tank was turned off as soon as steam stopped coming
out the vent. The system was then ready for operation. This
process was repeated at the beginning of each day of operation,
where the degassing take was refilled, or when air bubbles were
visible in the flowmeter. The daily degassing was necessary
since the degassing tank is vented to the atmosphere, and the
water in the tank would eventually become saturated with air
( 18 cc/liter).
The system was then operated for at least 15 minutes at
zero power before taking measurements. At the end of this
time the system water was completely cool and had been
thoroughly circulated through the deionizers. This time was
also used toallow the generators to warm up. If the genera-
tors were used immediately after starting, fluctuations in the
power level were much larger and harder to control. If a
particularly low resistance test section was in place, it was
necessary to disconnet one of the power leads until the
generators had come up to speed. If this was not done, high
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voltage drops could result from the fact that the two genera-
tors did not speed up in unison and on occasion could lead to
unwanted burnouts.
At shutdown, it was necessary to isolate the accumulator
from the loop. Otherwise, the water would be forced out of
the accumulator, into the loop, and eventually out through the
degassing tank vent. The pump and generator were connected
together electrically so that the generators would be shut
off if the pump should be turned off accidentally or due to a
power failure. However, the generators could be shut off
independently by means of a switch on the control console.
Turning off the generators or the pump also interrupted the
power to the preheaters. This was a safety precaution to
prevent burning out the heater elements should they be left on
with no flow.
3.2.2 Loop Operation for Critical Heat Flux Data
At the beginning of each test run, the bypass flow was
reduced to maximize the pressure drop taken across the needle
valve upstream of test section. A large upstream restriction
pressure drop was desired to minimize the occurence of flow
oscillations. These oscillations did occur early in the test
program and steps taken to analyse and eliminate them will be
discussed in Section 3.2.4. For low mass flow rates (G=0.5xlO 6
a 3/8" exit line was used and desired exit pressure maintained
throughout the entire test run by adjusting the needle valve in
the line. For higher mass flow rates (G=1.0 and 2.Ox106) a 1"
exit line was used but in this case since valve manipulation
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did not allow adequate adjustment of exit pressure, the exit
pressure was not directly set but allowed to vary within the
desired range with the power level and inlet subcooling.
With the mass flow rate and test pressures established,
the generators were turned on and power applied to the test
section. After a heat balance was taken, power level was
gradually increased simultaneously with adjustment of inlet
temperature by operation of the loop preheaters. This adjust-
ment was complete before the test section power achieved
approximately 50% of the anticipated burnout power. In the
final approach to burnout, mass flow rate and inlet temperature
were maintained constant as power was increased in small steps.
Test section inlet and exit pressures were maintained approxi-
mately constant at low flow rates but increased at high flow
rates as power increased. At each step in power level, values
of all these variables were recorded manually. Since only
inlet temperature was automatically recorded, only values of
inlet temperature and test section voltage (meter was contin-
ually viewed) were noted at burnout. The values of all other
parameters at burnout were obtained by extrapolating data
recorded at previous power steps.
When burnout did occur, the generators, preheaters and
pump were turned off and the test section line isolated from
the main loop. When a new test section was inserted, a small
volume of undegassed water was necessarily allowed into the
system from the fill tank because the test section line was
above the level of the degassing tank. Care was taken to
bleed the system under such circumstances to minimize the
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amount of air entrapped in the system. When the pump was
restarted, the flow meter was observed to ensure that air
bubbles were not present. This departure from the initial
thoroughly degassed conditions for certain test runs was con-
sidered acceptable since critical test results should not be
effected by slight differences in the degassed condition of
the loop water.
3.2.3 Two Phase Heat Transfer Coefficient Measurements
In addition to burnout measurements, an attempt was made
to measure two phase heat transfer coefficients. As discussed
in Chapter IV, such data is necessary for the critical heat flux
model presented. For these measurements, a test section with
two independent power supplies attached was used. The inlet
portion was heated with the generators described in Section
3.1.2, while a 1.5 inch portion at the exit was heated by a motor
generator set capable of delivering about 17 volts at 700
amperes. The power to the inlet section was adjusted to yield
a desired quality condition in the exit portion. The exit sec-
tion or nucleation section was designed to minimize the heat
input to the fluid (and hence the quality change) but maximize
the available heat flux which could be achieved. By measuring
temperature differences, TWALLT SATURATIONI at pre-established
values of pressure, mass flow and quality, determination of heat
transfer coefficients for these conditions was attempted.
The experimental difficulties encountered for the test con-
ditions explored i.e. steam-water mixtures at X=.10 to .60,
P=100 psia, G=0.5 to 2.0 x 106 lbm/hr ft2 and D=,214 inches, were
a) The mechanical strength of the nucleation portion
of the test section was poor due to the thin wall
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required to achieve high heat fluxes by resistance
heating with the available power supply. The wall
thickness could be increased by decreasing D, or by
heating the test section indirectly by conduction
from a resistance coil wound around the test sec-
tion.
b) The exit pressure could not be maintained constant
for flows in the quality region thus causing
TSATURATION to vary. This may be able to be
corrected by installation of a pressure regulating
valve, although it appears that the configuration
- and hydraulic characteristics of the existing loop
prevent adequate correction of this problem.
c) Accurate measurement of low temperature differences,
.5 to 30F, was not possible due to (b) above as well
as inherent difficulties in accurately measuring the
wall temperatureeven with a guard heater arrangement.
Although some data was obtained it was generally not internally
consistent, particularly in the low temperature difference
regions of interest. Hence, the heat transfer coefficients
obtained were not considered accurate and therefore not used
further in this work.
3.2.4 Correction of Oscillatory Instabilities
Certain of the data obtained during the loop checkout
with uniform heat flux distribution exhibited critical heat
flux values (see Figs. 8 and 9) significantly lower than the
bulk of other data. In addition during certain of these experi-
mental runs, the flow rate was observed to oscillate as the
critical condition was approached.
Although no compressibility was deliberately inserted in the
system between the control valve and the heated section, it was
felt that enough compressibility was present upstream of the
control valve in the form of preheaters and accumulators to
initiate an instability if other conditions were also present.
These conditions reduce per the theory of Maulbetsch(31) to
the requirement that the slope of the overall pressure drop vs
flow rate curve goes to zero. Overall pressure drop here in-
cludes both the control valve and vhe heated section. Check of
the suspect points by this method confirmed that the instabili-
ties resulted from this cause. A sample graphical comparison is
given on Fig. 11 of the heated section versus control valve
pressure drop which shows that the overall slope does go to
zero at the flow rate where oscillation and the critical condi-
tion occurred. Similar calculations along with some experimen-
tal measurements were made on the points which were believed to
be valid and the overall slope was established as positive.
To eliminate this oscillatory instability based on this
theory, an increase in the slope of the control valve character-
istic or a decrease in the slope of the test section characteris-
tic is necessary. Since the test section characteristic is
determined by the desired test conditions, only modification of
the control valve characteristic is possible. For the loop
available, the pump delivery pressure and the heat exchanger
condensing pressure (15 psia) limit the overall pressure drop
available which is distributed between the control valve, test
section, and other line losses. Hence, to increase the control
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valve pressure drop, extraneous line losses were reduced by
increasing the exit line diameter from 3/8" to 1". With this
modification, stable data at the higher flow rates was obtained.
However for conditions of low inlet subcooling, instabilities
were encountered for certain test sections exhibiting rapid
axial variation in heat flux and data under these conditions
could not be obtained. Apparentlyin these cases the test
section pressure drop vs flow rate characteristic became equal
to the control valve characteristic thus causing the slope of
the overall pressure drop characteristic to go to zero. It
should be noted that this problem could probably have been
corrected and data for these cases obtained by installation of
a higher head pump which would permit increased pressure drop
to be taken across the control valve.
3.2.5 Critical Flow Considerations
Since the sonic velocity can be quite low in a two phase flow,
it is desirable to check whether or not a choked flow condition
existed. Such a condition could lead to erroneous results re-
garding critical heat flux levels for various operating condi-
tions. Using the slip equilibrium model of Fauske(33), from Fauske's
Fig. 4, we see that the minimum critical velocity is achieved at
minimum pressure and maximum quality. Calculating this minimum
critical velocity for composite worst case test conditions, we
obtain the results shown below. Basing the calculation on
a hypothetical composite case which would yield a higher predic-
ted critical velocity than any real case assures that the









































velocities are in all cases less than the predicted critical
velocities, it is reasonable to conclude that the critical vel-
ocities were not achieved during the experimental program.
Direct confirmation of this conclusion by varying the test
section exit pressure to achieve a critical velocity was not
possible due to the operating limitations of the test loop.
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CHAPTER IV
PRESFMEATION AND DISCUSSION OF RESULTS
4.1 Experimental Results
The complete range of variables investigated was presented
in Chapter I. Basically for each axial flux distribution, criti-
cal heat flux tests were conducted at three mass velocities,
G = 0.5, 1.0 and 2.ix06 lbm/hr ft2 and a range of inlet sub-
cooling conditions. The total number of tests, each carried to
physical failure of the test section was approximately 144. A
complete listing of the experimental data is presented in Appendix F.
The basic experimental results are presented as:
1) the total power applied to a channel to attain a criti-
cal condition (defined in this investigation as physi-
cal destruction of the aluminum test section). This
parameter is of particular interest since maximization
of Qcrit is a prime objective in engineering design.
2) the physical location of the critical condition (de-
fined in this investigation as the failure location in
the aluminum test section).
The test results for each of the three mass velocities are
presented in terms of Qcrit and critical location in Figures
12 through 22. It should be noted that in all cases the
inlet condition was subcooled and the total critical power,
Qcrit, in these figures is presented as a function of the
independent variable, inlet subcooling AHin'
4.1.1 Total Critical Power
Considering the uniform flux results as a basis for ref-
erence, the following observations of Q crit are apparent from
Figures 12, 15, and 17 which present cosine flux distribution
behavior and Figures 21 and 22 which summarize behavior of the
remaining flux shapes.
Qcrit - Cosine and Other Flux Distributions with Maximum Flux
Near or at the Test Section Inlet
The value of Qcrit for these distributions is general 10%
larger than Qcrit for uniform flux data. However, for the inlet
flux peak distribution, the value of Qcrit did drop to 10%
less than Qcrit for uniform flux data as the mass flow velocity
increased to G = 2.0 x 106 lbm/br ft As the inlet condition
approaches saturation, Qcrit for these nonuniform flux distrib-
utions decreases in the same manner as the uniform flux data.
There is no apparent dependence of Qcrit between distributions
of the same shape with different M values (ratio of maximum to
minimum flux)0 For cosine flux distributions in particular, no
apparent stratification exists between the results for M =
2.27, 4.0 and 5.75. These results indicate that the total crit-
ical power, Qcrit cannot be significantly increased by tailoring
of the flux distribution to an optimum shape.
Qcrit - Flux Distributions with Maximum Flux Near or at the
Test Section Exit
The value of Qcrit for these distributions can be signifi-
cantly less than Qcrit for uniform flux distributions at the
same operating conditions. The deviation depends on the degree
of inlet subcooling, AHin, the mass velocity, G, the flux shape,
and its associated M ratio. For the maximum inlet subcooling
investigated, about -300 btu/lbm, Table IV-A below summarizes
the maximum decreases observed in total critical power.
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Flux Distribution MASS VELOCITY, G, LBM/HR-FT2
0.5 x 106 .X 106 2.O x 106
Linear increasing -20% -5% -5%
(M=2.27)
Linear increasing -35% -15% -30%
(M=5.75)
Peak exit -15% -15% -30%(M=5.75)
Table IV-A
MAXIMUM DECREASE IN QCRIT COMPARED TO UNIFORM FLUX
DISTRIBUTION RESULTS
-As the inlet condition approaches saturation, the devia-
tions of Table IV-A decrease, resulting in approximately
equal values of Qcrit for uniform and nonuniform flux distribu-
tions at low inlet subcooling levels.
The increased deviations with increased M for a given
flux shape are clearly apparent in the table above. This
dependence is observed for results in the annular regime and
several results which were obtained in the subcooled region.
In fact the test data show (Fig. 21 and 22) that if the flux
distribution is severely peaked, the flux level can be high
enough to cause a critical condition at a location where sub-
cooled conditions prevail. Thus the actual flux distribution
can cause both (1) decreased Qcrit compared to uniform flux
data when both data are in the annular regime and (2) severely
decreased Qcrit due to a subcooled critical condition which
occurs at a high flux location of the nonuniform distribution.
Similar results have also been obtained by other experi-
menters at -higher pressures. Portions of the-data of Bertoletti
(11), Swenson (5). and the most recent Babcock and Wilcox inves-
-46-
tigation (15), are presented in Figures 23, 24 and 25 which con-
firm the principal observations of this study, namely
1) For cosine and other distributions with the maximum
flux near or at the test section inlet, Qcrit is
within +10% of uniform flux data and decreases as
AHin approaches the saturated inlet condition.
2) For distributions with the maximum flux near or at
the test section exit, Qcrit can be up to 30% less
than the uniform flux data at large inlet subcoolings.
This deviation approaches zero as AHin approaches
the saturated inlet condition.
4.1.2 Critical Location
The location of the critical phenomenon for each test sec-
tion was also determined experimentally and is presented in
Figures 14, 17, and 20. The tabulation of Appendix F in some
cases indicated two critical locations. In these cases, before
effective corrective action was taken, the test sections were
somewhat bowed during testing and upon attaining the critical
condition, both a thermal failure and mechanical failure occurred.
The thermal failure was characterized by melting of approximately
an 1/81 wide by 1" long (axial) rectangular portion of the test
section. In Appendix F, the actual critical location is repor-
ted as the midpoint of the thermal failure with its axial extent
listed as the + value. The mechanical failure was a complete cir-
cumferential shearing of the test section characterized by a
jagged unfused cleavage. In certain cases, which are noted, a
double thermal failure did occur. In all other cases, the first
listed location, is the thermal failure location and this is
used in subsequent analysis. These results can be summarized
as follows.
CRITICAL LOCATION - UNIFORM FLUX
The critical location occurred within 1% of the test sec-
tion exit, the slight deviation probably being attributable to
axial conduction effects.
CRITICAL LOCATION - MONOTONICALLY INCREASING FLUX (i.e. LINEAR
INCREASING)
The critical location occurred within 1% of the test sec-
tion outlet except for one case. In this case, test section
1204 which was tested at G m 1.0 x 106 and.AH = -160 BTU/LBM,
the critical location was slightly upstream from the exit
(.7 ± .5 inches from exit of the 30 inch test section).
CRITICAL LOCATION - FLUX PEAK ALONG TEST SECTION AT ANY LOCA-
TION EXCLUDING EXIT (i.e. COSINE, PEAK NEAR INLET, PEAK NEAR
EXIT, LINEAR DECREASING)
The critical location for these flux distributions always
occurred between the flux peak and the test section exit or at
the test section exit. The critical location is dependent on
inlet subcooling, AHinpand moves upstream from the tube exit
with increased Subcooling. In addition, for a given flux
shape, the critical location appears also dependent on M. For
example for cosine distributions the critical location is
further upstream for M values of 2.27 and 5.75 versus 4.03. For
linear decreasing flux shape, increased M value (5.75 versus
2.27) results in upstream movement of the critical location.
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The data of other investigators generally confirm these results
particularly the upstream movement of the critical location for
the peak inlet flux distribution with increased inlet subcool-
ing. However precise determination of the critical location
was not generally obtained due to the burnout detection systems
used. The CISE investigators (11) on the other hand, indicated
that in all cases the onset of the critical condition occurred
at the test section exit.
The possibility that the onset of the critical condition
occurred at the exit but moved, causing a physical failure up-
stream, was considered and investigated in this work. Differen-
tial thermocouples were used with the point of interest and an
unheated exit portion of the test section as the two opposing
inputs. A series of thermocouples were simultaneously used to
monitor several locations between the tube exit and the expec-
ted burnout location. The output from these thermocouples was
recorded on a multichannel recording oscillograph by galvano-
meters with natural frequencies ranging from 50 to 300 cycles
per second. However, these traces did not show movement of a
wall temperature excursion from the tube exit to the critical
location. Thus it appeared that the critical condition
occurred initially and only at the location of tube failure.
4.1.3 Reproducibility of the Data
Several runs were made at almost identical inlet and
mass velocity conditions to establish the reproducibility of
the data. These results, tabulated below in Table IV-B, indi-
cate that differences exist in total critical power, Qcrit, up
to + 10% and in critical location up to 4.0 inches. Note that












TABLE IV-B REPRODUCIBILITY OF RESULTS
Inches
Diff.
142 10/21 2. 0x106  -271.2 2.029 10% 29.8+0
UNIFORM 1.0 6
135 9/25 1.99x10 -270.8 2.232 29.6 O .2
310 9/3 6 -246.5 1.435 24.0+0 3.2
COSINE 4.03 1.Oxl0 7.2% to
333 9/23 -246.9 1.538 27.6+.4 4.0
511 10/14 6 -159.2 7.404 24.3±.2 1.3
COSINE 5.75 O.5x10 8.3% to
512 10/14 -154.4 6.837 22.6+.2 2.1
1271 11/12 LINEAR 6 -249.9 7.572 26.4+1.4 0
2.27 1.0x10 5.5% to
1252 11/19 ECREASING -247.5 7.988 25.5+1.0 3.3
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the error analysis of reference A indicates a probable variation
of +3.4% in total critical power. Thus Qcrit has been determined
in this work to at least within + 10%. The observed variation
in the critical location is quite large. However, from the
analysis to be presented, such variations are shown to be proba-
ble and still consistent with the more accurate determination of
Qcrit*
4.2 Formulation of the Method of Analysis
With the experimental results presented, a method of analy-
sis is desired which predicts the salient features of these re-
sults and permits interpolation and some extrapolation of these
data to other conditions of interest. The most convenient
approach initially appeared to be extension of the models of
Becker (16) and Isbin (18) to the nonuniform distribution case.
This model, applicable to the annular regime, identifies proc-
esses which increase and deplete the film flow rate and estab-
lishes dryout of the annular film as the mechanism causing the
critical condition. Dryout in this model and throughout this
discussion refers to the decrease of the annular film flow rate
to a low value sufficient to cause the annular film to break up
and expose dry patches of the heating surface. However, since
the annular film flow rate calculated in this manner is gener-
ally always a minimum at the tube exit, such a model apparently
cannot predict the observed occurrence of the critical condition
upstream of the test section exit for certain nonuniform flux
distributions. Consequently, while the decrease of film flow
rate to some low value has been demonstrated by Harwell
researchers (34) to be responsible for the critical phenomenon
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in some cases, an additional mechanism probably is responsible
for the occurrence of upstream critical conditions. This mechan-
ism must cause a severe local decrease in the heat transfer
coefficient sufficient to initiate the critical phenomenon at an
axial location where the nominal film flow rate may not necess-
arily go to zero. Mechanisms for promoting local disruption
of an annular film have been proposed by other investigators.
In particular, the occurrence of bubble nucleation on the tube
wall within the annular film has often been cited as a possible
mechanism. Since the initiation of nucleation is principally
dependent on local heat flux, the occurrence of nucleation is
particularly dependent on the flux shape and its M (ratio of
maximum to minimum flux) value. Hence results from a variety
of axial heat flux distributions offer a particularly appro-
priate means to evaluate the nucleation effect as a second
mechanism responsible for the occurrence of the critical pheno-
menon in addition to the dryout effect.
The definitions used in formulation of a model which in-
cludes this nucleation-induced disruption of the annular film
are presented in Figure 26. At every point along the test
section, in the quality region, the ratio of flux required to
initiate nucleation to the actual flux can be obtained as indi-
cated in Figures 26a, b, c, and d. If this ratio is at or
above one, nucleation is presumed to occur, the intensity of
nucleation being directly proportional to the value of the
ratio. Approximation of the local film flow rate is also re-
quired since intuition leads one to conclude that the magnitude
of film flow rate affects the intensity of nucleation required
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to locally disrupt the annular film sufficiently to cause the
critical condition.
The principal factors governing the magnitude of the film
flow rate are (a) evaporation from the film surface (b) entrain-
ment from the film and (c) re-entrainment of water droplets
from the vapor core into the film. Two major simplifying assump-
tions were made (1) for each test section the annular film is
formed at the slug-annular transition with the same initial film
flow rate, and (2) the effect of (b) and (c) was assumed approx-
imately equal for all tubes. Since the test sections investiga-
ted were all 30 inches long (except for three test sections of
48 inches length) and the quality change per unit length did not
vary greatly with flux distribution, the decrease film flow rate
was assumed proportional to the evaporation effect only. Con-
sequently the local film flow rate was taken inversely propor-
tional to the enthalpy addition from the slug-annular transition
point to the point of interest, AHann-x*
In this manner the necessary parameters are established to
confirm the hypothesis that the critical condition is caused
by either
(a) a nucleation-induced disruption of the annular film
or if (a) does not occur, then ultimately by
(b) dryout resulting from decrease of the nominal film
flow rate to zero.
The parameters are evaluated at the critical location and
displayed as illustrated on Figure 26e as (q/A)c/(q/A), versus
AHann-c' Figure 26e also indicates the expected behavior of
the experimental data. For critical conditions occurring
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where the flux ratio is above one, nucleation is occurring and
mechanism (a) should be operative. In this region, the nuclea-
tion intensity necessary to disrupt the annular film should
decrease with decreasing film flow rate. Hence the locus of
critical conditions should exhibit a negative slope as indica-
ted.
Where the flux ratio is below one, nucleation is suppressed
and hence mechanism (b) should be operative. Since the only
mechanism for depletion of the initial film flow rate is
assumed to be evaporation, the amount of evaporation required
by mechanism (b) to produce dryout should be equal for all
axial flux distributions. Hence below a flux ratio of one, the
locus of critical conditions should be a vertical line repre-
senting constant AHann-c. Since all critical conditions in
this region are presumably due to dryout, the critical location
of the data falling in this region should be only at the test
section exit.
Figure 26e according to this model, should be valid for
all axial flux distributions operated at given mass velocity
and pressure. While small variations in pressure are accounted
for in the calculation of the basic parameters, large varia-
tions (>100 psia for example) result in variation in nucleation
bubble size and thus may fundamentally affect the basic assumed
mechanism. The success of this postulated model can in part be
measured by the degree of scatter of test results about a mean
critical condition locus. While some distribution about a
mean locus is inevitable due to the simplifying assumptions
made concerning the film flow rate and experimental scatter, a
reasonable coalescence of data from all nonuniform axial flux
distributions on such a plot should be achieved if the postu-
lated model is valid.
Before presenting the experimental results, the exact
method of calculating parameters required by the assumed model
will be presented.
4.3 Calculation Procedure for the Method of Analysis
The presentation of data on an AHann-c versus (q/A)c
(q/A), requires determination of the following parameters.
1) QUALITY AT SLUG-ANNULAR TRANSITION - For the low
pressure data of this investigation, this quality is taken as
8% as discussed in Chapter II.
2) AHann-c, CHANGE IN ENTHALPY FROM THE SLUG-ANNULAR
TRANSITION LOCATION TO THE CRITICAL LOCATION - Establishing the
transition location at the location where quality equals 8% and
the critical location from experimental results, AHann-c can be
readily calculated by a heat balance as described in Appendix D.
3) (q/A) c, CRITICAL HEAT FLUX - The critical heat flux
can be obtained directly from experimental results as described
in Appendix D.
- 4) (q/A),, HEAT FLUX REQUIRED FOR INCIPIENT BOILING -
This heat flux must be calculated at the same conditions of
pressure, quality, and mass velocity as (q/A) c. The Bergles-
Robsenow result (35) is used to calculate the heat flux re-
quired for incipient boiling. Although this result was derived
for single phase flow, it should also be applicable to nuclea-
tion in a liquid film in contact with the heated surface. The
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implicit assumption is that the temperature distribution within
the liquid film can be expressed by the Fourier conduction re-
lation with the conductivity evaluated at the wall surface
temperature. The details of the analysis are summarized in
the insert on Figure 27. The result, presented below, yields
(q/A), as a function of pressure and temperature difference,
TWALL 
- TSAT '
(q/A) = 15.60Pl.156 (TWAL - TSAT)2.30/Po.0234
From Figure 27 it is seen that this result requires that
a minimum cavity size in the heated surface be present to
serve as a nucleation site. Hence for applicability of this
result, it is essential that the existence of cavities of the
required minimum cavity size be confirmed. The dependence of
(q/A)i with pressure and temperature difference and the minimum
cavity size required are also shown in Figure 27. For compari-
son the limiting condition for incipient boiling, the approxi-
mate fully developed boiling curve, for 100 psia is also shown
in Figure 27. This curve was obtained by modifying the results
of Jens and Lottes (36) to reflect the results of Bernath and
Begell (37) which indicate that slightly larger superheats are
required for an aluminum surface compared to a nickel or stain-
less steel surface.
To use the Bergles-Rohsenow result for predicting perfor-
mance of a test system, the two phase heat transfer coefficient
at the critical location conditions must be established. For
the range of pressures and qualities investigated, the Dengler-
Addoms Correlation (38) is directly applicable
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A more general correlation which is also applicable to steam
water mixtures at higher pressures and other fluids has been
proposed by Chen (39), and is fully presented in Appendix D.
This result gives heat transfer coefficients about 15% lower
than the Dengler-Addoms correlation for the conditions of
interest. Since the Dengler-Addoms result is based on data
at similar conditions to those of this investigation, it is
used unless otherwise noted to calculate heat transfer coeffic-
ients. The dependence of hDengler-Addoms with mass velocity
and quality at a given pressure is shown in Figure 28. Com-
bining the results of Bergles and Rohsenow
(q/A)i = f(p) (TWALL - TSAT)f(p)
and Dengler-Addoms
q/A = hDengler-Addoms (TWALL - TSAT)
at the critical conditions, (Pc' Xc, and G), the heat flux re-
quired for inception of nucleation is obtained as the inter-
section of the two equations as illustrated in Figure 29.
With the required parameters determined, the critical
condition can be presented on a AHann-c versus (q/A)c/(q/A)i
plot. Similarly for every point along the test section at the
total critical power condition, the pressure, quality and
mass velocity can be calculated and (q/A), established.
Figure 30 illustrates the results for test section 1271. In
general, as Figure 30 shows, at low qualities (q/A)i is low
and hence the flux ratio (q/A) /(q/A)i is large.
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In this manner conditions along the entire test section at
the total critical power can be represented as shown on Figure
31. For total input power levels less than the critical level,
operating conditions can be calculated for all points along the
test section by the methods described above. Figure 31 also
presents curves for power levels less than the critical level.
It should be noted that Figure 31 presents the behavior
of only the linearly decreasing flux shape. Representation
of other flux shapes on a plot of the same coordinates exhibit
different shapes since values of Hann-x, (q/A) and particu-
larly (q/A) are dependent on the axial flux distribution.
The analysis of the experimental data using the methods just
described will be presented next.
4.4 Application of the Method of Analysis to Experimental Data
The parameters AHann-c and (q/A) i/(q/A) were calculated
for all experimental data. Figures 32, 33 and 34 present the
experimental results at each of the three mass velocities in-
vestigated. In each casc the data can be bracketed to define
a critical condition region. This region should ideally
reduce to a single line which represents the locus of critical
conditions. However, in view of the assumptions made in repre-
senting the film flow rate, as well as experimental scatter of
the results themselves, the width of the data band is to be
expected.
The results of Figures 32, 33, and 34 depend on the exis-
tence in the aluminum surface of cavities of the size required
by the Bergles-Rohsenow nucleation theory. For the experimental
conditions of this investigation, the maximum radius size
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required is about 8 x 10-5 ft. Confirmation of the existence
of such cavity sizes was attempted by visual observation of
the boiling surface at high magnification (1000x). However,
the depth of field resolution was not sufficient to permit
identification of any surface features of depth less than about
3 x 10-6 ft. Thus while no hemispherical cavities of the
required dimension 8 x 10-5 ft could be observed, suitable
elliptical or other irregular shaped nucleating cavities of
minor radius less than 3 x 10-6 ft could not be detected by the
Zeis microscope used. However, as discussed by Brown in
reference (40), the surfaces were investigated by another
method which confirmed the existence of nucleation sites by
their active nucleation behavior in a superheated pool. This
method indicated that cavities of about 2.0 + 2.0 x 10-5 ft
equivalent radius were present in the test surface. Since
these cavity sizes were slightly less than those required by
the theory, in principle a modification should be made to the
theory as shown in the insert of Figure 35 to account for this
deviation. The remainder of Figure 35 presents a dimensionless
representation from Brown (40) of the Bergles-Rohsenow nuclea-
tion theory modified to account for surfaces having limited
cavity sizes. However, as Figure 35 shows, for the experimen-
tal conditions of this test, only slightly higher heat fluxes
are required because of the actual cavity sizes present. In
view of the small correction involved and the uncertainty in
actually assessing the cavity sizes present in the test alumin-
um surfaces, this small correction was not made in analysing
the data in this investigation.
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As anticipated, the critical limits of Figures 32, 33,
and 34 are negatively sloping lines representing the decreased
nucleation intensity necessary to disrupt the annular film as
the film flow rate decreases. In addition, where the flux
ratio decreases below one, i.e., where nucleation ceases, the
critical limits become vertical suggesting that in this region,
dryout is the mechanism for causing the critical condition. As
previously mentioned, data falling in this dryout region should
exhibit a critical condition at the test section exit only.
Table IV-C below tabulates data in this dryout region from
Figure 33 (nonuniform heat flux data was obtained in the dryout
region for G = x 106 LBM2 only). In all but one case theHR FT
critical location occurred within 3% of the tube exit. In
this one case (No. 1555) and other cases having the critical
location between 1 and 3% from the exit, the flux profile
had a severe negative gradient with length near the exit. Thus
axial conduction effects probably account for the slight devia-
tions from predicted behavior of these test sections.
Clearer delineation of this dryout region was not possi-
ble since 48 inches was the maximum length of test sections
that could be fabricated and installed in the apparatus. How-
ever, Figure 36 presents additional low pressure data taken at
Harwell (41) on uniform tubes from 9 to 96 inches long. In
Figure 36 the dryout region is clearly apparent. In addition,
however, the dotted lines in this figure identify an additional
stratification within the critical region with tube length.
This stratification is probably due to entrainment and re-
entrainment contributions to the film flow rate which must be
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TABLE IV-C CRITICAL LOCATIONS FOR TEST SECTIONS HAVING RATIO
(q/A) c/(q/A), APPROXIMATELY EQUAL TO OR LESS
THAN ONE. (G=l.0 x 106 LBM/HR-FT2)
4.4.1 Discussion of Results
From Figures 32, 33 and 34, it is seen that a critical
region can be established which represents both postulated
mechanisms for the critical condition. This critical region
is shown below to provide a reasonable criteria for predicting






4.4.1.1 Total Critical Power
Figure 31 previously showed the variation in test section
operating lines with total input power. Since the critical
condition can occur whenever any portion of the test section
operating line projects into the critical region, the power
change necessary for any point of an operating line to pass
through the critical region represents the maximum uncertainty
in predicting total critical power. As Figures 37 and 38
which represent various flux distributions show, it requires
about 20% variation in total power for any given test section
location to pass through the width of the critical region.
Taking the critical locus through the midpoint of the critical
region, prediction of Qcrit within + 10% can be made for any
flux distribution investigated once the critical region for
given mass velocity and pressure is experimentally established.
This region can be established by a combination of tests of uni-
form and nonuniform flux distributions as in this study or
with uniform data only as the Harwell data of Figure 36 indicates.
4.4.1.2 Critical Location
The critical location results presented in Figures 14, 17
and 20 exhibited some significant variations with flux distrib-
ution and inlet subcooling. These variations can be qualita-
tively explained in terms of the critical regions established
for each mass velocity on the (q/A)c/(q/A)i versus AHann-c
plots. The basis of these qualitative arguments is that the
critical condition will occur at that test section location
of the operating line which first intersects the critical
region.
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EFFECT OF FLUX DISTRIBUTION
The most striking experimental result is that for uniform
and linearly increasing flux distributions as opposed to the
others tested, the critical condition always occurs at the
tube exit. A clear explanation lies in the shape of the test
section operating lines for these flux distributions. As shown
in Figure 39, the operating lines are convex when viewed from
the origin. Thus the tube exit always intersects the critical
region first, causing the critical condition to occur at the
tube exit.
On the other hand for the flux distributions with a flux
peak along or at the exit of the test section, the operating
lines are concave when viewed from the origin as illustrated
in Figures 40, 41 and 42, This concave portion is always
bounded by the location of maximum flux and the tube exit.
Hence some location downstream of the maximum flux always will
intersect the critical region before the maximum flux location.
This characteristic appears to explain the observation that
the critical condition always occurs between the maximum flux
location and the tube exit for such flux distributions.
EFFECT OF M VALUE
The second experimental observation is that for test sec-
tions of the same flux shape at the same inlet subcooling, an
increase in M will cause the critical location to move up-
stream from the tube exit. This is shown in Figure 40 for
the linearly decreasing flux shape and for the cosine flux
shape. The increased concavity resulting from increased M
value causes upstream portions of the operating line to inter-
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sect the critical region before the tube exit portions. However,
for the cosine shape M = 2.27 this result does not follow as
shown in Figure 40 because the M factor is so low that the oper-
ating line is a straight line almost parallel to the critical
region. Hence in this case, failure at any point past the
maximum flux location is generally equally probable.
EFFECT OF INLET SUBCOOLING
The significant effect on critical location due to inlet
subcooling can also be qualitatively explained. First, it should
be observed that the effect of decreased subcooling on the test
section operating line is to extend it to larger values of
H ann-x. This results from a net gain in total heat input over
the annular region owing to a larger decrease in heat input from
the inlet to the annular transition compared to the decrease in
total critical power. The effect of this change in operating
line length is to permit the exit portion of the operating line
to approach the dryout portion of the critical region where
the critical condition will occur if local conditions do not
cause its prior occurrence upstream from the tube exit. For
this reason, the critical location should move to the tube exit
as the inlet subcooling is decreased. This effect is shown in
Figure 41 for the inlet and the exit flux peak distributions,
and Figure 42 for the linearly decreasing flux distribution.
It should be recognized that due to the shapes of the operating
lines and critical regions, in some cases several locations are
equally probable as the critical location. Thus the locations
of the critical conditions have a fairly large experimental
spread (see Table IV-B) and consequently can be only qualitatively
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confirmed by the model developed in this work.
The effect of experimental variables on the critical condi-
tion can be summarized as follows:
Mass velocity - The mass veloc'ity has been the key variable in
the presentation of Figures 32, 33 and 34. Figure 43 summar-
izes the results for the three mass velocity values selected.
This data exhibits the behavior predicted by Bell (4) that for
a given quality (AHann-x in this case) the critical heat flux
is inversely proportional to the mass velocity.
Length - The test data of Figures 32, 33, 34 and Figure 36
which presents the Harwell (41) data, illustrates that the loca-
tion of the critical condition approaches the dryout region as
the test length increases. Figure 44 shows that for the longer
tube lengths, the test section operating lines for uniform
flux are S shaped instead of simply convex as are the shorter
lengths. If a similar S shape can be shown to exist for long
uniform tubes at high pressures, it is possible that an upstream
portion of the test section operating line would first intersect
the critical region. This could offer a plausible explanation
for the upstream critical conditions which have been observed
by Waters et al (42).
Inlet Subcooling - As previously discussed, decreased inlet
subcooling tends to extend the test section operating line to
larger exit quality regions (larger AHannx ). Thus inlet sub-
cooling variations can cause the critical phenomenon mechanism
to change from nucleation-induced film disruption to dryout.
Figure 45 indicates the effect of the inlet subcooling on the
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Harwell data. It should be noted that in Figure 45 for the
12" long section, the inlet subcooling does not cause the
AHann-c to increase at low values. On the Harwell presenta-
tions this effect shows as an unexplained decrease in critical
heat flux with low inlet subcoolings. Unfortunately, analysis
of the Harwell data by the method proposed in this report does
not explain this discrepancy.
Diameter - The effect of diameter has not been investigated in
this study. Prediction of the effect is difficult since a dia-
meter change results in conflicting increases and decrease of
the relevant parameters. For example at fixed 0, as the diameter
increases, the local flux q/A tends to be decreased but since
the local quality would also decrease, (q/A), would also tend to
decrease. The net result on the flux ratio cannot easily be
predicted although AHann-c would be expected to be decreased.
Thus as diameter increased, with G, P, A and AHINLET constant,
the operating curve may be elevated or lowered on the flux ratio
(vertical) axis, but would be displaced toward the origin of
the AHann-c axis.
D2 > D,
Operating line for D2 is predicted
within this region




This prediction assumes that the basic mechanism is not funda-
mentally altered by a diameter change. This assumption may not
be valid since a diameter change will affect the ratio of surface
radius of curvature to bubble diameter, a parameter which could
be of importance in defining the critical condition mechanism.
4.4.2 Discussion of Results - Flux Spikes
In addition to the experimental results already presented,
eleven additional tests were performed with test sections
having a localized flux peak, i.e. a flux spike. These flux
spikes were superimposed on available test sections already
having uniform and cosine flux distributions by additional
local reduction in the tube outside diameters. The flux pro-
files investigated are illustrated in Fig. 10 and the test geom-
etry and results are tabulated in Appendix F.
The investigation of flux spike shapes is important for
the following two reasons which are discussed in detail below.
1) The flux peak offers a unique opportunity to investi-
gate the validity of the model already developed to describe
the occurrence of the critical condition.
2) The effect of such flux peaks on the critical condition
and the resultant total critical power is pertinent since flux
peaks are present in reactor systems.
APPLICATION OF MODEL TO FLUX PEAK DATA
Figures 46 and 47 present the test results on the appro-
priate coordinates for comparison with the predictions of the
model which has been developed. Note that Fig. 46 represents
cosine flux distributions with stepped spikes of length varying
from .085 to 1.5 inches. Figure 47 represents uniform flux
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distributions with cosine spikes of length varying from 1.0 to
9.0 inches. Axial conduction effects have been investigated
and determined to be negligible since in the worst case
(shortest spike length), the applicable L/D ratio is about 15.
From the results of Figures 46 and 47, the following conclusions
can be drawn:
1) For short spike lengths, a larger value of the flux
ratio, (q/A)c(q/A)i, is necessary to cause a critical condition
than predicted by the model. However, for spike lengths
greater than about 1.5 inches, or as the flux peak distributions
approaches the shape of the other flux distributions investi-
gated, the critical condition can be predicted by the model.
This observation indicates that conditions prior to the flux
peak location play some additional role not included in the
model in defining the occurrence of the critical condition.
However, sufficient additional data for flux spikes was not ob-
tained to generalize the model to accurately predict behavior
of flux spikes of short length. Nevertheless, the model
developed can still be applied in practice to flux peaks of
short length since conservative predictions result.
2) The existance of two critical regions, one caused by
nucleation induced film disruption and the other by film dryout
is further confirmed. This confirmation is particularly
apparent from Fig. 47 where the flux peak M values (maximum
flux/minimum flux) were systematically altered. For the lowest
M values, the nucleation-induced film disruption mechanism is
operative since the flux peak reaches a critical condition
before the test section exit reaches the dryout region.
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TOTAL CRITICAL POWER
Table IV-D below presents the results of the total critical
power for test sections with flux peaks. These results indi-
cate that the total critical power for flux peak distributions
up to an M value of 5.75 is slightly greater (0-15%) than that
for uniform flux distributions at the same inlet conditions.
The increase is inversely proportional to the M value, the test
sections with lower M values exhibiting the largest increases
in total critical power. For flux spikes of M = 7.0, the total
critical power becomes slightly less (0 to -4%) than that for
uniform flux distributions at the same inlet conditions. As
mentioned above, these results can be confirmed for spike
lengths 1.5 inches or greater by application of the model
developed. However, for flux peaks of shorter lengths, the
model yields conservative predictions and hence total critical
power values less than those for uniform flux distributions
would probably be predicted for these cases.
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TABLE IV-D

















































-67.4 1.09 x 105
-119. 3 1. 255 x 105
-116.6 1. 205 x 105
-113.8 1.198 x 105
-114.1 1.247 x 105
-115.3 1.138 x 105
-110.1 1.125 x 105
-116.5 1.300 x 105
-105.6 1.109 x 105
-103.0 1.061 x 105












4.5 Application to Higher Pressures
The success of the model in explaining behavior of low
pressure results suggests its application to higher pressure
data. In applying the model to existing high pressure data,
two difficulties are encountered.
1) Measurements or a correlation of the heat transfer
coefficient for annular flow at pressures above 550 psia are
not available. Consequently the Chen correlation (39) was
extrapolated from 550 psia to 2000 psia to yield required two
phase heat transfer coefficients.
2) The critical condition locations for available non-
uniform results at high pressures have a large uncertainty.
This results from the burnout detection systems used to
detect the location of the critical condition.
However, estimating heat transfer coefficients from the
Chen correlation and carrying the uncertainty in critical loca-
tion, the model has been applied to a limited amount of high
pressure data with the results illustrated in Figs. 48 and 50.
In these cases, the quality at the annular transition location
has been approximated as 6% and 14% respectively from the pre-
liminary results of Suo (21).
The shape of the critical locus in these figures is simi-
lar to that for low pressure data in that the flux ratio re-
quired to produce the critical condition decreases as the film
flow decreases. However, the magnitude of the flux ratio re-
quired to produce the critical condition is an order of magni-
tude higher than for low pressure conditions. This could
result from the uncertainty in the two phase heat transfer
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coefficient value. A dryout region is not indicated in these
figures. Additional data at the test conditions represented
in these figures is necessary to fill in the regions of higher
AHann-c to establish the existence of a dryout region. Even
if the heat transfer coefficient is an error, such a region
should still be indicated although it may occur at a flux
ratio higher than 1.
Figure 48 represents Babcock and Wilcox data at 1000 psia
from reference 15. The limit bands indicated reflect the large
uncertainty in critical condition location which result in
very broad limits for the critical region. As illustrated in
Fig. 49, the width of the critical region including the maxi-
mum uncertainty limits is about + 40%. However even considering
the most probably critical locations, the width of the critical
region is still + 20%.
Figure 50 presents earlier Babcock and Wilcox data from
reference (5) taken at 2000 psia. The width of the critical
limits can be considerably reduced if the diameter difference
between test sections in this experiment is recognized. As
illustrated in Fig. 51, the minimum critical region in this
case is approximately i 15%. This latter Babcock and Wilcox
data also contains four results for test sections with flux
spikes superimposed on cosine flux distributions. These data
indicates a distinct movement of the critical condition from
the flux spike to the test section exit as the inlet subcooling
decreased.
In terms of the model, this effect can be qualitatively
explained. Recall that the effect of decreased inlet subcooling
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as discussed in Section 4,,4.1.2 is to extend the test section
operating line to larger exit quality regions (larger AHann-c)'
Thus decreased inlet subcooling should cause the critical
phenomenon to shift from a nucleation-induced film disruption
at the flux peak location to film dryout at the test section
exit. The critical location will thus shift with decreased in-
let subcooling from the flux peak to the tube exit,
Figure 52 illustrates the operating lines of the flux
spike test sections. The critical location is seen to shift
to the test section exit which extends to larger values of
AHann-x with decreased subcooling. If a dryout region is
assumed to exist at high values of AHann-x as was shown for
the lower pressure results, these Babcock and Wilcox as well
as the Bettis flux spike results of reference (1) can be ex-
plained. In particular the behavior of the spike effectiveness
value, E , as introduced by Bettis (reference 1) and illus-p
trated in Fig. 1 is readily predictable. When the critical
condition is caused by nucleation-induced film disruption, 03
will equal #2 (see Chapter 1 for definitions) and E willp
equal L For a dryout caused critical condition, 03 will equal
and E will equal 0. Hence the model predicts the observed
Bettis result that with decreased inlet subcooling E goesp
from 1 to 0 and the critical condition moves from the flux
peak location to the tube exit,
However,9 due to the uncertainties in heat transfer coeffic-
ient and critical location determination and limited data at
fixed conditions of flow, pressure and diameter, application of
the model to high pressure data as yet does not indicate the
existence of the dryout region and results in a broad predicted
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critical region due to the film disruption mechanism. Neverthe-
less the model does yield the correct shape of the critical
locus in the nucleation-induced film disruption region as well
as a reasonable possible explanation for flux spike results.
These qualitative predictions indicate that successful extrapo-
lation of the model to the high pressure region may be accom-
plished when the heat transfer coefficient and critical location




An experimental and analytic investigation of the effect
of axial beat flux distribution on the critical flux has been
performed. Experimental determination of the total critical
power and critical location was accomplished for a wide variety
of flux distributions. An analytic model describing the
occurrence of'the critical condition was developed which
explains the behavior of the low pressure experimental results.
This model assumes that the critical condition is caused
by either
(a) a nucleation-induced disruption of the annular film
or if (a) does not occur, then ultimately by
(b) dryout resulting from decrease of the nominal film
flow rate to zero.
The basic assumptions in analytically formulating this model
are
(1) an annular film is established at the annular transi-
tion location predicted by Baker (24)
(2) the effects ofentrainment and re-entrainment on the
local annular film flowrate are approximately equal for tubes
of similar length. Hence the local film flow rate decrease
with test section length was assumed proportional to the evap-
oration effect only
(3) the heat flux required to initiate nucleation can be
predicted from the Bergles-Rohsenow correlation (35) using
heat transfer coefficients calculated from the Dengler-Addoms
correlation (38).
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The resulting procedure does not allow prediction of critical
conditions from simply the specification of the relevant inde-
pendent variables but does provide a method by which limited
experimental data can be used to establish a locus of critical
conditions which is applicable to test sections with nonuniform
axial flux distributions. Specifically uniform test data
taken at fixed pressure, mass flow rate, and diameter can be
used to predict critical conditions for various flux distribu-
tions at the same pressure, mass flow rate and diameter but
with varying inlet subcooling and test section length.
5.2 Conclusions
The conclusions of this investigation can be summarized
as follows.
1) Total input power to achieve a critical condition:
(a) For the cosine and other flux distributions with
the maximum flux near or at the test section inlet, the total
critical power is within -10% (peak inlet) to +10% (others) of
that for uniform flux distribution.
(b) For flux distributions with the maximum flux near
or at the test section exit, the total critical power can be
up to 30% less than that for uniform flux distributions.
This deviation, however, approaches zero as the inlet condi-
tion approaches the saturated condition.
(c) For flux spikes of various lengths with theratio
of maximum to minimum flux up to about six, the total criti-
cal power is about 0 to 10% greater than that for uniform flux
distributions. For more severe flux spikes, the total critical
power becomes less than that for uniform flux distributions.
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2) The Critical Location:
(a) For uniform and monotonically increasing flux
distributions, the critical location occurs very near to or at
the test section exit.
(b) For flux distributions with the flux peak at any
location except the test section exit, the critical condition
can occur upstream depending on the inlet subcooling and the
M walue (ratio of maximum to minimum flux). The critical con-
dition tends to move upstream as either the subcooling and M
value increases.
3) The analytical model proposed to describe the occu-
rrence of the critical condition successfully explains the
test data for all axial flux distributions except flux spikes
of short (A 1.5 inch) extent. For these short flux spikes,
the model predicts lower local critical heat flux and total
power values than were determined by experiment.
4) Application of the model to high pressure data gives
qualitative agreement with test results. More precise
experimental determination of the critical location and data
yielding two phase heat transfer coefficients are needed at
these higher pressures to effectively test the validity of the
model under higher pressure conditions.
5.3 Design Procedure (50-200 psia)
Based on the conclusions of this investigation, the
following design procedure can be used to establish safe opera-
ting limits for vertical up flow in tubes with nonuniform axial
flux distributions.
1) Establish locus of critical conditions - For the mass
velocity, pressure and tube diameter of interest, use existing
-77-
critical data to plot the critical conditions on coordinates
of (q/A)C/(q/A) versus AHann-c. Section 4.3 explains in
detail the method of calculating these parameters from experi-
mental data. This data may include uniform flux data or a
combination of uniform and nonuniform flux data from tubes
of all lengths.
2) Establish design conditions - Pick the axial flux
distribution and values of inlet subcooling and test section
length of interest. These values along with the previously
established values of mass velocity, pressure, and diameter
fully establish the design conditions.
3) Calculate the test section operating line for an ar-
bitrary value of total input power, QTOT - Select a value of
QTOT and calculate the test section operating line as described
in Section 4.3 Plot this operating line with the locus of
critical conditions determined per (2) above.
4) Establish Qcrit - For varying values of QTOT' plot
operating lines until the locus of critical conditions is
intercepted. The value of QTOT for this intersection is Qcrit
and the test section axial location at the intersection is the
location of the critical condition.
5) Optimize - Vary inlet subcooling, test section length
and axial flux distribution as allowed by design requirements
to maximize the parameters of design interest; generally the




It is imyortant to estimate the probable errors in the
two basic parameters of interest, the critical heat input to
the test section and the local heat flux.
The heat input is computed from measurements of the voltage
drop across the heated length and the current to the section.
Since the critical condition was generally reached while the
input power was being increased to a slightly higher level, the
error in the total critical power includes both an uncertainty
from this operational procedure and a measuring instrument uncer-
tainty.
For the voltage drop, this operational variation was about
.15 volts over the range 12 to 27 volts and the voltmeter
accuracy w~s + 1/2% of full scale. Hence in the worst case
(lowest power level) the uncertainty in the voltage at the crit-
ical condition was
r = 12 +.3 volts or + 2.5%
The current was inferred from the voltage drop across an
air-cooled N.B.S. shunt with a calibrated conductance of 60.17
amps/mo. The uncertainty from the operational procedure was .3
my over the range 23 to 52 my, and the voltmeter accuracy was
+ 1/2% of full scale. Hence in the worst case (lowest power
level) the uncertainty in the current at the critical condition
was
I = 60.17(23 ± .6) amps or 2.6%
Hence the most probably error in power for the lowest power
cases was
(2.5)2 + (2.6)2 ' 3.4%
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Note that the experimental reproducibility of total critical
power results as summarized in Table IV-B was 5 to 10%.
The local flux for electrically heated test sections is
obtained as
dA dA dA
0(z) = --- - = -- E- 0dQ I 2 dR Ip
From these equations we see that perturbations in the local flux
are principally caused by variations in Ax(L), p(T), and dQ
(axial conduction effects). The variations in these parameters
will be separately estimated to arrive at the overall experimen-
tal error in the local flux.
A -Wall Cross-Section Area
Variations in Ax are due to (1) variations in test section
internal diameter and (2) variations in the outside diameter
due to machining. The machining errors were controlled by 100%
inspection of test section outside diameters for conformance with
allowed tolerances. The net actual variation in Ax was estab-
lished by measuring wall thicknesses on 32 sections taken from
seven tubes selected randomly to represent all the basic
designs. From these measurements the average variation from
design of wall thicknesses (4 at each section) was 3.5% with
a maximum variation of 7.5%.
p(T - Electrical Resistivity
Variations 'in resistivity result from wall temperature
differences due to axial changes in heat transfer coefficient.
The changes in heat transfer coefficient result from the axial
quality changes which can exist in a test section.
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The variation in wall temperature along a test section can
be bounded as follows. The minimum (Tw-TSAT) can be taken from
the fully developed boiling curve at a heat flux of 3 x 105
since heat fluxes of interest in this work were all above
3 x 105 BTU/hr ft2 . From Fig. 29, (TW-TSAT )MIN is 400F. The
maximum (TW-TSAT) can be also taken from the fully developed
boiling curve at the maximum heat flux achieved in test i.e.
3 x 106 BTU/hr ft2. From Fig. 29 (TW-TsAT)MAX equals TOOF.
Hence, the maximum wall temperature difference for the composite
worst case is 300F.
Now for the 2024-T3 alubminum used, the resistivity as a
function of temperature is
p(T) ohm-ft = .1765x0-6 L1+1.152xlO-3TOFi
in the range 200-5000F. Based on the nominal experimental
pressure of 100 psia, (32780F) the maximum variation in resis-
tivity along a test section would be 2.2%
dQ - Axial Conduction
Axial conduction effects can also be bounded by a worst




k2 02 4T3 aluminum 8 0 hTU
hr ft0F
Ax maximum = 248x10-6 ft2 (.3020.0 inch, .214 inch I.D.)
7T 50F ft 480F/ft (the maximum axial
maximum * temperature differ-
ence of 300F can
occur over a minimum
distance of 7.5 in.
in the peak inlet and
exit designs)
Hence dQAXIAL MAXIMUM 1 BTU/hr. The minimum radial heat
transfer, assuming the minimum heat flux is 1x105 BTU/hr ft2,
is about 500 BTU/hr.
Hence in the worst composite case the axial heat flow is
less than .5% of the radial heat flux. This is primarily due
to the thin wall test section geometry which yields large
L(length)/D(wall thickness) ratios thus inhibiting axial
conduction. In the immediate regions of the test section inlet
and exit, the temperature gradients are probably more severe
and the local flux profiles in these extreme locations may be
somewhat effected by axial conduction effects.
Overall Variation
Combining the effects discussed above, and the estimate
of the most probable error in local heat flux is obtained as
S(3.5)2 + (2.2)2 + (.) 4.2%
48" Long Test Sections
These test sections were fabricated by coupling two
shorter length together with a 1 1/2" threaded thin walled
sleeve (TEST SECTION 114136) or a 1" soldered thin walled
sleeve (OTHERS). Hence, at the midsection of these test
sections over the sleeve length, the heat flux is slightly




The analysis of the experimental data first requires
calculation of various parameters from the test section
data. These parameters, which are dependent on the flux
profile shape are derived on the following pages.
The governing heat balance expression relating heat
flux and electrical heat imput, applicable to a length
dx of tubing is
#(x)rD dx = I2dR = 12 f dx (B-1)
The assumptions inherent in this expression are
1. One dimensional (radial) heat flow
2. Adiabatic outside diameter tube wall
3. Constant radial temperature profile so that
J (T) is a constant
4. No asmuithal variation in tube wall thick-
ness so that the power is generated uniforml;
throughout the tube wall at any axial
location.
This expression can be assumed to be applicable over the
entire tube length with the additional assumption of
1. Constant tube temperature so that/ which
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is temperature dependent is a constant over
the entire tube length.
These assumptions are shown, in Appendix A, to be met
for the data presented and analyzed in this work and
hence equation (1) serves as a valid point of reference
for the following derivations. In the following deriva-
tions consistency of units is assumed; hence for use in
actual computations numerical factors should be inserted
where appropriate to assure this consistency of units.
Also for the uniform and linear flux shapes, x is used
as the axial position variable, while for the cosine




The flux shape in this case, figure 10,is simply
(x) = 0 (B-2)
From equation (1) we obtain
I2f
A (x) = A =
and by the governing assumptions we find that Ax(x) = A
and hence D0 is also constant. However it is desirable
to obtain all relevant parameters in terms of experimnen-
tally determined quantities as is accomplished below
a. O(x) x
Q(x) =f 0' Di dx




From equation (1) we obtained Ax as a constant,
hence42
Do = [4 Ax + D (B-4)
Now A is a function of the overall tube resistance R
which is established to make maximum use of the available
D.C. power supply. The maximum power supply available is
72 kilowatts at 24 volts and 300 amperes hence establish-
Ing the optimun tube resistance as 8.0 X 10~3 ohms.
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Again from equation (1)
dR = dx
x





g(x)7D dx in general. For (x) = 0






The flux shape in this case as shown in figure10 is
O(z) = 9 cos for - - z L+ (B-7)AX L 2 (B-f2
Note that as defined in figure14 L represents one half
wavelength of a cosine wave which is truncated at z = + Q/2
to form a test section of physical length J2. Using this
flux shape, equation (7) and equation -(l), we derive the
relevant parameters in terms of experimental quantities
as follows:
a. O(z) z
Q(z) = O(z) v D dz
+ _/






(z)= QTOT cos EE (B-8)
2DiL sin L
This expression however contains the quantity, L, which
can be expressed in terms of the physical length, A-,
and the quantity M which is defined below as the ratio of
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the maximum flux to minimum flux.
M MAX (B-9)
MIN
and thus is a crutial variable in selection of the flux
profile for experimentation.
Now from (1) we see that for Di, 1 2, and f constant,
O(z) is inversely proportional to Ax (z). Hence at z = 0
where O(z) is maximum, A (z) is minimum and conversely at
z = U/2 where O(z) is minimum, Ax (z) is maximum. This
leads to the relations.
A
0(z) = MA cos ; Ax(.z) = Mz (B-10a)
at z = +J2/2 0MIN MAXcos and A - AMIN (B-10b)
cos
MIN MINA= OS





and using the identity, sin = - we obtain
sin 1, -cos 2  2(B-12)
Substituting these values into equation (8) we obtain the
desired result
O(z) QTOT Cos z$(z)j :- =. ,co L~~(-13)2DL M- 1(B
N 2
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where L is retained for convenience and defined in
equation (11).
b. D0 (Z)
D (z)4= A (Z) + D 2Now
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A (z) AMIN z 2fL s z
Cos 
-- cos L
Substituting (15) into (14) we obtain the desired result
(8) f L sin 1D9(z) =J2 2z




















D cos !Z dz
D Mrz dzi Oj7MAXJ Jb L
for -k2/24z i O
for 0S z4+ Q/2
Carrying out the indicated operations and substituting for
QTOT
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LINEARLY INCREASING FLUX PROFILE
The flux shape in this case as shown in figure 10 is
(x) = IN + (OUT IN) for 0 4 x i (B-19)
Using this flux shape equation and equation (1) we
obtain
a. O(x)
QTOT OIN + (OOUT 0IN) rDINdx
Q rTD + B-0
TOT 2 IN + 0UT (B-20)
Now M = OUT for a linearly increasing flux
9IN
and hence
-YD A l+M irD A
QTOT 2(144)OUT M 2 IN +Ml
0OUT ID [l+M (B-21)
OIN D T [1 (B-22)
Substituting these expressions for 0IN and 0OUT into
equation (19), we obtain the desired result




Now in general D0 (x) A (X) + D (B-24)
Proceeding as in the cosine tube case we obtain
from equation (1) the general expression for overall
tube resistance, R,
R= dR =
Now from equation (1) we also obtain an expression for
A (x) as follows:
O(x) A 2 f 1rDi I x
At x = 0
At x =
Henc e
IIN A2f 1I Di AIN
I2f 1












[ A IN + AOUT A N (B-27)
Now equating the expressions for O(x) from equations(26 )
and (27) obtain
A x(x) = + (B-28)
AIN AOUT IN
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or utilizing equation (20c)
AIN
1 + (M-1) T
















Substituting equations (29) and (31)
1 (B-31)
into the general
expression for D (X), equation (24), we obtain the desired
results.















(B-33)O(x) = 2QOTZ +
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LINEARLY DECREASING FLUX PROFILE
The flux shape in this case is the mirror image
of the linearly decreasing profile and is shown in
figure 10. In this case the maximum flux occurs at the




and M in this case is defined as the inverse of the




These basic expressions are different from corresponding
quantities of the linearly increasing flux profile and
hence yield different expressions for the desired parameters
as shown below.
a. O(x)
STOT -IN I~ OUT idx
o
TOT 2 IN+ #0UT













for OIN and OOUT into












A (x) as follows
I(x)f
At x = 0
D(x) = A (X) + D 20 IN xi
(1) obtain
R fdxf 77
1),9 we also obtain an expression
1
OIN =rDi






















Substituting the above equations, (43a) and (43b), into
equation (1) we obtain
O(x) = 2 + ) (B-44)
uD AIN OUT AIN)
Now equating the expressions for O(x) from equations
(43) and (44) obtain
A (x) = A N ( - (B-45)
A + A OT A jt
or utilizing equation (43c)
A (x) = MIN (B-46)x 1-M x
1+ M 1
Now substituting equation (46) into equation (42)
R (l+ ) dx M (B-47)
J I IN0
Hence
A M+) (B-48)IN 2R M/
and from equation (46)
FZ(Ml
A (x) ' M x (B-49)
2R l1 +(l M)
Substituting equations (46) and (49) into the general




D (x + D2 4 A IN 2




Now Q(x) f vD O(x) dx
0
where per equation (40)
O(x) = TOT ( F -MI) )
Performing the indicated integration yields
Q(x) = 2QTOT M ( M - ) ) (B-51)
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PEAKED COSINE PROFILE
To simulate an inlet or outlet flux peaking, a
flux profile consisting of cosine shaped portion and
an exponential portion was chosen as shown in figure
10. For the inlet flux peaked tubes, the cosine por-
tion was established by fixing the maximum position 7.5
inches from the inlet. The exponential portion was
blended into the cosine profile at 12 inches from the
inlet by a suitable choice (1.33) of the constant j
which occurs in the exponential expression for the flux.
The outlet flux peaked tubes are mirror images of the
inlet peaked tubes. Hence the expressions for the flux
profile in the inlet peaked geometry are:
7rz fr- z& B5a0(z) = MAX cos for 2 - 0 (B-51a)
0( z ) - 0 cos for O zf- ( A-(- . 5')
(B-51b)
0(u) = Ou.n exp (-
= OMAX cos L'' exp( ) for OS-u' .
(B-51c)
For this specific design, the break point between the
cosine and exponential portions of the flux profile was
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taken at 12 inches from the tube inlet and hence for
the tubes under consideration:
M = 5.75
1-= 30 inches






However, the derivations of relevant parameters will
be carried out without the insertion of these specific
numerical values to obtain more general defining equations.
a. O(z and u)
z
Now Q(z) = f(z) rDi dz
-Q/2
QTOT MA[ cos Y dz +











where C, (sin ,(.-t-.5')+ sin +
Cos Tr( 
-*-5' {ep
4L(in 5 ) Lk)
cos ( - -I C1-exp (-) (B-54)
Substituting the expressions for # back into equations
(51 a,b, and c) we obtain the desired result:
#(z) = ccos Cos for - - z.O (B-55a)
V( z=# o cos for
i (B-55b)
3- exp (#(u) -.. X # os L- .5 '
#(u) cos exp for 0! u C
(B-55c)
In the above expressions the quantities L', JLV, and M
are derived and defined in the same manner as in the
cosine flux case. Hence we obtain
cos 'MIN AMIN (B-57)2 L' QMAX A MAX M
and
L 7r L/2 (B-58)
arcos(1/M)
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where MIN and MAX refer to values on the cosine
portion of the profile.
b.- D,(z and u)
Now in general Do(z or u) = A(z or u) +D (B-59)
From equation (1) we obtain
dR= f d z or u)A (z oru) (B-60)












A cos , (.--J--5s2')








exp ( - . u) du
Integrating we obtain R in terms of AMIN as
R=A - ( Sin + sin ,(9 --51'AMIN










Hence in the range
where C, is defined by equation (54)
(B-65)
- Q'/2 4 z? ; - .-- 5 -I
A (z) = AMINTZCos LT
where AMIN is defined by equation (65)
(B-66)




cos f-ie -5 exp (5)
is defined by equation (65).
Hence the desired result for D0 (z) can be obtained
by substituting equation (61) into equation (59) obtaining
(B-68)D(z) =4 AMIN + D2
Cos
where AMIN is expressible as a function of tube parameters
only (i.e. R,..Q , Q', and 5 ) per equation (65).
The desired result for D.(u) can be obtained by sub-




D U) 4 A MIN
0ou) (c LIOs ,( -4 
-5.2'1)exp(- )
where AMIN is also expressed per equation (65).
(B-67)
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c. Q (z and u)
x
Now Q(x) = . (x) ir Di dx where O(x) as a
INLET
function of position and total power was previously
derived in equation (55). Substituting this expression
for 0 and performing the indicated integrations, we




QTOT iT DYD D C I cos dzLi'
_ TOT
C 1r
sin + sine]2 sin . I
Q(z) = ;' M -sin W I




QTOT irD cos dz
TOT M 1-
C i -n- + sin FriM 2J





) iD dz + I0(u)
-o
vD. du
Q(z) = F sin(- -5.') + sin +
I2LL







This flux profile is shown in figure10. The
analytic expression for the flux profile is as follows:
0(u) = MAX cos -+ --. 5 ') expco u )
= QACOs 5 exp ((u- )) for o u
= MXc L'
(B-73a)
O(z) = # cos for - (Q -J -- 5 ' zco f 
-(B-73b)
(z) = # cos for O -z S + Q'/2 (B-73c)
a. O(z)
Now QTOT is expressable by equation (52) for the
inlet peak case since the flux profile are mirror images.
Hence
= O were C, is also given by equation (54).
(B-74)
Substituting equation (74) into equations (73 a, b, and c)
we obtain
T(u)cos - wD exp((uJ) for 0'-
(B-75)
= TOT z(z) = cos for - - 5kt)'5 z/ O
(B-75b)
#z = TOT cos for O ' z' + _'/2 (B-75c)rDiCI L
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b. D (z and u)
The desired relations for tube outside diameter,
D (z and u), are obtained in the same manner as the




where C, is defined by equation (54) (B-76)
Ic,
and AMIN R (B-77)
This result may easily be seen by direct integration. Now




- -- 50' exp u-cos (11
A (z) = MIN for -/2
Cos 7-. I
Hence the desired results are
14 A MIN 2D (z)- AMI + D
Cos Lg
where AMIN is expressible as a function of tube parameters





A MIN (O i + D2
Cos ,( - -. 51' ) exp(- (u-
(B-81)
where AMIN is also expressed by equations (77 and 54).
and D (u) 4
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c. Q.(z and u)
x
Now Q(x) = O(x) rDi dx where
INLET
O(x) as a function of position and total power was
previously derived in equation (75). substituting
this expression for 0 and performing the indicated
integrations we obtain the desired results.
In the range 0 -4 u
Q(u) = TT cos -(u-)-exp(-
(B-82a)
In the range -(jL-J--5Q') z: 0, where z is inherently
negative
Q(z) cos L -) (1 - exp (-E) +
'(sin siL - i " (B-82b)
In the range 0 z 4+D'/2, where z is positive
Q(z) -Q1 cos L ') ( - exp (-R) +
L sin -5L') + sin -z (B-82c)IL' L'I)
FLUX SPIKE (COSINE SHAPED)
This flux profile is shown in Fig. 10. The analytic express-
ion for the flux profile is as follows:
Sor - + ' z -/2 (B-83a)
0cos9 for - Z + . /2 (B-83b)
L
MIN for + " /2 z o - (B-83c)
a. O(z)
o('- /2
Now Q(z) = O(z)rDidz
-( A-f +A -- /2 )
- 2/2+ £/2 *
Hence QTT =' + MINidz + - LXcos'D idz
-( f+ -y)- L22L
+ , 2 OMIN ridz
+ /2
'0' = DIN - + #MAX12DiLsin
~TT 7OiMIN Ji?'2ej L
0MAXSince M
We obtain Q T ADi X + 2LinE2 J (B-84)
Let7 M +





gN = OTOMIN MrD 0C7
(B-86a)
(B-86b)
Substituting these expressions for 0#A and #MIN into Eq. (B-83)
we obtain
O(z) MTrDOC for -(2- f+ )s z < (B-87a)
O(z) 0TT Cos r0() JDi C7  Ll




The relation for the tube outside diameter, D0, is obtained
as follows. The wall cross sectional areas are given as




for -(V- + )d z i - s'/2
+ L/2 (B-88a)
-g z +2 2A (z) (B-88b)=AMIN
cos-
L




























Hence D0 (z) = MIN + Di 2 for -(-.+4)z <-6"-/2 (B-91a)
+ /2 1z - 2
4 A MIN + Di 2 for
T iTz iCos-I-





where O(z) as a function of position and total power was previous-
ly derived in Eq. (B-83).
In the range
Q(z)
-(2 -) z - /2
z r~D dzTOT
(1-+4'/2) oC7d








In the range z
.L/2 QO











rDj rD 7 L
D _o irz
rD ;08 L dz
+ irDD C7 Losz
Q(z) - - ) +
I7 C
In thbe range+ z





+ CT IC7r \P
+ rDi Q1- C-dz








The initial factor to be considered in the design
of the test sections is the characteristics of the
available power supply. With the 24 volt, 3000 ampere
supply available, Ohms Law indicates that an overall
tube resistance of 8.0 X l0~0 ohms is necessary to
achieve full power of 72 kw without exceeding either the
generator voltage or current limitations.
Secondly the range of mass velocity (G) to be
investigated is fixed. In this investigation values
of .5 X 10 6 1.0 X 10 and 2.0 X 106 were chosen to
cover the range reported by previous investigators
and/or selected in reactor design application. Now
the dimensions, Di and I , are established by consider-
ation of the limiting operating condition requiring
the maximum heat input (and flux) to achieve the critical
condition. Thus we take the limiting case as that of
G MAX(2.0 X 1 0 0), and X in-MIN(about -.28 for 80 psia)
which utilizing the critical heat flux correlation of
Macbeth (reference 30 ) defines a critical heat flux
#as 1 -6
-6 A + T CDj(G . 10 ) AHSUB-IN
0 . 10 1 + CJ21 (C-1)
where A and C both represent expressions which are
functions of DjG, and P.
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A second equation defining the limits of tube geometry
results from the identity c TOT . Substituting
S
for A we obtain
5
CD. = -TOT (C-2)
However, additional factors also limit the selection
of individual values of) and D -
a) To simulate reactor conditions and also to avoid
effects on critical heat flux resulting from very
short test lengths, it is desirable thatj be as
large as possible, at least 20 inches or greater.
b) It is desirable to work within the limits of
existing uniform flux data to provide a reference
point for the nonuniform flux data obtained. This
existing data can then be used as a check of uniform
data obtained during this study and to provide the
basis for a uniform flux correlation useful to
analytic work. Hence the following restrictions
on L/D ratio are in order
50 - '/D 4 250
c) As reported by Bergles (reference 32 ) for the
subcooled burnout case, small tube data deviates
from the data obtained for large tubes. This pro-
bably is a consequence of the existence of considerable
nonequilibrium vapor volume as thehydraulic diameter
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becomes comparable to bubble dimensions. Although
this study is concerned primarily with burnout
in the quality region, nucleation can occur within
the annular film. This nucleation and the present
lack of definition of the mechanics of the burnout
process in this case make it prudent to restrict
the test section diameters to relatively large
values, .150 inches or greater, to eliminate any
extraneous diameter effect on the results.
d) Finally a limitation on maximum tube inside
diameter is imposed by the desire to achieve
maximum pump discharge pressure (270 psia) to assure
adequate flow control of the loop. From the pump
characteristic, the maximum flow rate allowed is
about 1800 lb/hr which corresponds to a pump dis-
charge of 260 psia. Since
G = A- = D 2 C-3)
F r i
For GMAX= 2 .OX10-6 , the maximum inside diameter is
.410 inches.
Summarizing now we have two equations (1 and 2) and
three unknowns (.L, Di and Oc) with the following additional
restrictions from physical grounds listed above
.150 inches 5 D 4-.410 inches
A220 inches
50 4 2/D 6250
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From the range of values which satisfy these conditions,
the following set of parameters was selected
D = .214 inches
= 30 inches
and hence 4/D =140 and 0c(MAX G and AHSUB-IN) = 1.8x10-6
BKU/hr ft2
Next the degree of steepness of the test flux shapes
was established. The M values (M = MAXIMUM FLUX/MINIMUM
FLUX) of this study were chosen to duplicate and bracket
those of other investigators.
With the conditions established above, the finished
tube dimensions for the flux shapes chosen can be calcu-
lated and the test section material selected.
The tube outside diameter for aluminum and hence the
required amount of wall material to be removed was less
than that for A nickel and stainless steel, due to the
lower value of resistivity for Aluminum 2024-T3. Since
the machinability of Aluminum 2024-T3 is also good, it
was selected as the working material.
The specification of the actual machined dimensions of
the test sections, the outside diameter as a function of
axial length, can be calculated from expressions in
Appendix B. Equation (B-16) typically illustrates alter-
nate expressions for DO(z) as a function of p, R and M
or AMIN and M. Either expression can be used for tube design.
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Permissable dimensional tolerances were established by the
requirement that the local flux at any point should be
within 5% of the design. Since
dP = I dR = I2 d
x
dP a A local
Hence for locations of small wall cross section area the
machining tolerance to hold ±5% power becomes tighter.
The tolerances specified for the first batches of machined
tubes reflected this fact and specified several tolerances,
each one applicable over a different axial location range.
However, as manufacturing techniques improved, the minimum
tolerance, applicable only to the area of minimum wall
thickness, was applied to the entire tube. Typically on
wall thicknesses ranging from .009 inches to .044 inches, a
tolenance of + .001 inches was met. This resulted in flux
shapes at any point within 2 - 5% of design.
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APPENDIX D
DATA REDUCTION AND ANALYSIS
The reduction of the experimental data and the
computation of parameters relevant to the analytic
model developed are performed by the computer program
described in Appendix E. The computational methods and
equations upon which this program is based are presented
in this appendix in the following order
a) INITIAL DATA
b) PARAMETERS DERIVED FROM FIRST LAW (BASIC DATA
REDUCTION)
c) ANALYTIC MODEL
d) ANNULAR FI1M CHARACTERISTICS
a) INITIAL DATA
For each fabricated test section, the following
data is available:
Di,. -i, M
L, L (applicable only to test sections with a cosine
shaped portion)
L, f, / (applicable only to peaked inlet, peaked
outlet, or spike-cosine shaped test sections)
The following additional data is obtained from
each experiment
TIN E Pp OUT
W I PIN
ROUT
From these data, AP=PINPOUT and HIN are directly
available.
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b) PARAMETERS DERIVED FROM FIRST LAW
Using the above data, the desired parameters at
the test section inlet and along the test section are
calculated as follows
TUBE INLET XIN HIN-Hf-IN AHSUB-ININ Hfg-IN Hfg-IN
AXIALLY ALONG TUBE
(q/Ax), (q/A)c' Qx' % per equations in Appendix 3
HX = HIN + W
HI-Hf~
XXHXX = fg-x
In addition parameters associated with the saturation




L==0 is length at which Q = XW.. This parameter is
obtained by solving the relevant Qx equation in
Appendix B for the position variable having first
made the substitution QX=0 = Q
Ls = I - %=0
QSAT = El 3.41 BrUAr/watt - QX=o = OT ~ X=o
BUBBLY- ANNULAR TRANSITION LOCATION
The value of x at the transition location is es-
tablished by repetition of calculations for increasing
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distances beyond the zero quality length, 6- 0, until
the preset value of quality at the transition point is
attained. With x thus established at the transition




In all the above work, calculation of P is computed
by the empirical formulation below. This formulation
was established by calculating pressure drops using the
Martinelli-Nelson model (43) for tubes representing the
extreme ranges in pressure drop and mass flow experienced.
These results of pressure over tube length were then
fitted by two straight lines, the latter line which is
applicable over the higher quality regions having the
more negative slope to reflect the larger rate of
pressure drop in the higher quality region. The empir-
ical fitted results compared well with the calculated
results. While this method gives pressure results which
are only within + 10%, these values are used only to obtain
enthalpy, quality, and heat flux for incipient nucleation
which are relatively insensitive to small changes in
pressure. This procedure was adopted since the accuracy
obtained was acceptable and a more complicated program
for pressure calculation was therefore not needed.
For x S =0 x = PIN (neglects single phase pressure
drop)
For L= 0 < x 1.6 Lx-o
Px = PIN -. 750 P (
For x >1.6 LX=O
)Ix-1.6 :-O)
Px * BK ~ K~ OUT '1.-1.6 X=0
where
PEK PIN -. 750 AP ( o.6L=O)
c) ANALYTIC MODEL
The model discussed in Chapter IV requires compu-
tation of the heat flux to initiate nucleate boiling at
given conditions of mass flow rate G, pressure P, quality
X and tube geometry, D,t. The correlations used in this
computation are
TWO PHASE HEAT TRANSFER COEFFICIENT. h
1) DENGLER-ADDOMS CORRELATION (38)
+0.5









2) CHEN CORRELATION (39)






F = function of defined by Chen's Fig. 7.
tt
and k O'7 9 c 0.45 0.24 0.25 0.24 0.75
hMIC = 0.00122 0.5 0.29 0.24 0.49 (AT) (AP)
a IL Hg v
where
AT TWALL-TSAT
AP = difference in vapor pressure corresponding to
AT, lbf/ft2
S = function of ReL 1.25 defined by Chen's Fig. 8.
BEROLES-ROSENOW INCIPIENT HEAT FLUX FOR NUCLEATION,
(q/Ai)1 (35)
1.156 2. 30/p 0. 0234
(q/A)i = 15. 6 0p (TWALLIuSAT)
The associated maximum cavity size required is obtained
as
2apT





y = q/A/k = 0 /ft or 0 R/ft
h 778 lb ft
a = R = 0 R where R 85.8 lba -R
= a 144.0
d) ANNULAR FILM CHARACTERISTICS (44)
The GEAP report presents curves of as a func-b
tion of F ( ). The film thickness, b-a, is thus obtain-
ed from the quantities b (radius in ft) and F where
~dP ~ b 13-
dzTOT-TP-- o 3600 p p -n
F ( ) :- dLGGGPL G PG g ( dz ITOT-TP
where
n = o if (- ()r-TP L
n = -1/3 if (- )TO-TP gL
Computation of the film flow rate, G is accomplished by
the following series of equations
dP PLl_ a 2 b
WALL L~dz TOT-TP -( 2







F(y+) =3y+ + 2.5y+ iny+ - 64 for y+ 30
=12.5 - 8 .05Y + 5y+ny+ for 5 y+ < 30
+ 2 +
= 0.5y for y 5
The results of the GEAP report are applicable only to
adiabatic conditions and hence are not strictly appli-
cable to the conditions of the subject investigation.
However, the test results were analysed based on the
above equatiorsto explore the possibility of calculating
local film flow rates by this method. Since contradic-
tory answers were obtained, the extrapolation of the
equations to the test conditions was not considered




COMPUTER PROGRAM FOR DATA REDUCTION
AND ANALYSIS
The experimental data obtained was reduced in
accordance with the equations of Appendix D by a
program written in FORTRAN and run on the MIT
Computation Center IBM 7090 computer.
The program consists of a main program (AXIAL)
which identifies from the input the flux shape of each
tube (i.e. uniform, cosine, etc.) and transfers control
to one of seven subroutines, one for each flux shape,
where computations are initiated. These routines
(UNIFRM, COSINE, LININC, LINDEC, PKIN, PKOUT, SPKCOS)
together with the subroutines for calculating the satu-
rated liquid and evaporation enthalpy (LIQEN and EVAPEN
respectively) perform calculations of desired parameters
at theoritical location and over the entire length of
the test section. In addition these subroutines call
the subroutines (UNIANN, COSANN, LNIANN, LNDANN, PKIANN,
PKOANN, SPKANN, CSPIKE) which calculate the desired
parameters at the location of the bubbly-annular transi-
tion.
Calculation of the annular film thickness and
the film flow rate past the bubbly-annular transition
point is initiated by the subroutine FILMFR
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which is also called by the seven basic subroutines
(UNIFRM, COSINE, etc.). The subroutine FILMFR
accomplishes this calculation by calling the sub-
routines listed below.
a) Local momentum pressure gradient based on the
homogeneous flow assumption (HOMNGD).
b) Overall momentum pressure drop divided by the
length yielding a linear momentum pressure
gradient (GRDMONM).
c) Fluid properties - specific volume of sat-
urated water (SPECVL), specific volume of
saturated water vapor (SPECVG), saturation
temperature (SATTMP), viscosity of saturated
liquid (VISCOS), saturated liquid enthalpy
(LIQEN) and evaporation liquid enthalpy (EVAPEN).
d) The Martinelli-Nelson friction pressure gradient
multiplier (MNPGRD).
e) The ratio of film thickness to tube radius for
given value of Levy's universal factor F
(UNIVER).
If it is desired to exclude calculation of the film thick-
ness and flow rate, it is sufficient to substitute dummy
subroutines in place of subroutines FILMFR and GRDMOM.
The program also computes the relevant variables for
the model by which the test results are analysed. These
variables are (1) the change in enthalpy from the bubbly-
annular transition location to the local point of interest
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and (2) the ratio of the local flux to the flux re-
quired to initiate nucleation in the liquid film based
on both Chen's (39) and Dengler's (38) correlations.
The calculation is initiated from the subroutine FILMFR by
calling subroutines BONUCF and LONUCF which perform the
desired calculations respectively at the burnout loca-
tion and any local position of interest. The associated
subroutines used in this calculation are
(1) Chen's two phase heat transfer coefficient
(XHCHEN)
(2) Largest pit radius needed for nucleation per
the Bergles-Rohsenow theory (XRAD)
(3) Fluid properties (in addition to those listed
above under FIUIFR) - thermal conductivity of.
saturated water (XTHCON), specific heat at
constant pressure of saturated water (XCPLIQ),
steam-water surface tension (XSURFT), pressure
of saturated water (XSATP), saturated vapor
viscosity (XVISCG)
(4) Derived property dependent quantities - differ-
ence in vapor pressure corresponding to given
water temperature difference (XDELTV), Martinelli
parameter (XXTT), Chen's F factor (XFCHEN) and
Chen's factor (XSCHEN).
In addition provision is available thru subroutine NFLUX2
for a revised nucleation flux criteria in those cases
where the maximum available surface pit radius is less
than that required by the Bergles-Rohsenow criteria.
However, NFLUX2 presently exists as a dummy subroutine.
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A complete listing of the fortran statements for
this program is included at the end of this appendix.
A listing of the variable names and the physical
parameters which they represent is presented in Tables
E-1, E-2, and E-3 where Table E-2 includes specifically
the variables associated with the calculation of annular
film thickness and flow rate (Subroutines FILMFR, GRDMOM
and other called subroutines) and Table E-3 pertains to
BONUCF and LONUCF and associated subroutines.
The procedure for inputing data to run this program
is as follows. Following the star data card which
follows the compiled program is the first data card on
which the number of individual cases to be run is punched.
This number is fixed point and should be punched, right
oriented, in the field 1-5. This card controls the
actual number of executions of the program which should
correspond to the number of cases to be reduced.
The remaining data cards directly pertain to the
data for individual tubes. For uniform, cosine and
linear flux shapes, five cards are required for each case.
For the peaked flux shapes a sixth card is required as
described below. For the cosine spike shape a seventh
card is required,
a) First card - A fixed point number, right oriented,
should be punched in the field 1-5. This number
identifies the flux shape according to the code;
1 - uniform, 2 - cosine, 3 - linear increasing,
4 - linear decreasing, 5 - peaked inlet,
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6 - peaked exit and 7-spiked cosine.
b) Second Card - Seven floating point input vari'ables
should be punched in sequence in fields of ten
each. The variables, in sequence, are TUBE, RATIOM,
DIAINS, VOLTS, AMPS, ENTHIN, FLMASS. The physical
parameters and units represented by these variables
are listed in Table E-1. Since these variables
are all floating point, they should be punched
with a decimal point unless specific care is taken
to right orient them in their field and provide
sufficient digits'to accomodate the format state-
ments in the program. This comment applies
equally to cards 3, 4, 5 and 6.
c) Third Card - Six floating point input variables
should be punched in sequence in fields of ten
each. The variables in sequence are PRESP, PRESIN,
PRESOT, RESDP, TSDP, BOLOCA.
d) Fourth Card - Two floating point input variables
should be punched in sequence in field of ten each.
The variables in sequence are XLNGTH and SHUNTM.
e) Fifth Card - A fixed point variable JLOCAT is punched
right oriented in columns 1-5, and a floating
point variable QUALIA is punebed in columns 6-15.
f) Sixth Card - Three floating point input variables
should be punched in sequence in fields of ten each.
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The variables in sequence are SCRPTL, ZETA and
PLNGTH and are applicable only to the peaked
inlet and exit flux shapes and with new defini-
tions to the spike cosine shape.
g) Seventh Card - The fixed point variable J,
should be punched in format 15. This card is
applicable only to spike cosine flux shape.
The following characteristics of the program should be
noted in particular.
1) PRESP and RESDP are input only to maintain a
complete record of the data for each tube. Since they
are not used in the subsequent calculation, they can
if desired be set equal to zero for convenience.
2) AMPS represents the tube amperage in millivolts
(shunt voltage drop) and is used in conjunction
with SHUNTM to calculate the tube current.
SHUNTM represents the number of amperes per
millivolt for the particular calibration shunt
installed in the heat transfer laboratory. Since
the product AMPS and SHUNTM represents tube current
in amperes, the arbitrary value 1.00 can be assigned
to SHUNTM if an experiment yields current directly
in amperes.
A group of punched input cards for the case of an inlet
peaked and a cosine spike tube are shown for illustra-
tion with the program listing.
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The basis for the formulations of the subroutines
for fluid properties and the subroutines MNPGRD and
UNIVER are discussed below. The polynomial fits of
data for subroutines below were taken from the work of
Trembley (45) unless otherwise noted.
a) Subroutine SPECVL - Specific Volume of Saturated
Liquid vs. Pressure
The specific volume of saturated liquid as function
of pressure was obtained by fitting the Keenan and






ao = 1.6401745 (10-2)
a1 = 2.3289060 (10-5)
a2 = -1.5364591 (10~7)
a3 = 7.4158910 (10l10)
a4 = -2.1694997 (10-12)




bo = 1.7382154 (lo-2)
b = 5.5320054 (10-6 )
b2 = -1.9348749 (lo9)
a5 = 3.8991151 (10-15)
a6 = -4.3187213 (10- 18)
a7 = 2.8681090 (10- 2 1 )
a 8 = -1.0458372 (10~ )
a9 = 1.6082445 (10-28 )
P
1
b3 = 6.6669956 (lo-13)
b4 = -2.1537248 (1o17)
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b) Subroutine SPECVG - Specific Volume of Saturated
Vapour vs. Pressure
The specific volume of saturated vapour as a
function of pressure was obtained by a power series
fit of the Keenan and Keyes' values.
For P 4 200 psia, we have
10
v (P) = / a1 P
1=0
where
a = 7.0026614 (10 )
a1  -5.2270893 (10)
a2 = 2.2026868 (10~)
a3 = -5.7651685 (10-3)
a4 = 9.8819624 (10-5)
a5 = -1.1389329 (10-6
For 200 P / 400 psia,
v (P) =
where
b0 = 9.1051359 (10)
b = -7.6398584 (10-2)
b2 = 3.4342061 (10~4 )
a6 = 8.8808151 (10~9)
a -4.6173317 (1011)
a8 = 1.5321887 (10-13)
a = -2.9334747 (10-16)
a - 2.4643861 (10-19)
5
b, izo b1 P
1=0
b3 = -8.6394549 (10~7)
b= 1.1495386 (10~9)
b5 = -6.3157880 (10-13)
For P - 400 psia, 7




co = 4.2909747 (10 0
cl = -1.6646162 (10-2)
C2 = 3.5532997 (105)
c 3 = -4.5689872 (10 -8)
c) Subroutine LIQEN - Enthalpy
4 = 3.6138355 (1011 )
c5 = -1.7180116 (1o14)
c6 = 4.4959690 (10-18)
c 7 = -4.9699884 (10-22)
of Saturated Liquid
vs. Pressure
The enthalpy of saturated liquid as function of
pressure was obtained by a power series fit of the
Keenan and Keyes' values.
For P 4 200 psia,
h(P) = ' a Pi
i=0
where
a0 = 1.1222734 (10)
a = 6.3204790 (100)









b = 2.4510585 (10 2)
b = 7.1675962 (10-1)
b2 = -9.9955201 (10~)
a5  2.1239014 (10~ )
a6 = -1.0067598 (10~9)
a = 2.9480958 (102 )
a8 = -4.8430355 (10-15)
a = 3.4075972 (10 -18
b Pi
b = -6.8660980 (1010)
b5 = 2.6573456 (10-13)
b6 = -5.5654666 (l0-17)
-131-
b3 = 1.0516702 (10 -6) b = 4.8594220 (10-21)
d) Subroutine EVAPEN - Latent Heat vs. Pressure
By definition the latent heat is simply the
enthalpy difference between that of the saturated
vapour and that of the saturated liquid (h fg= h -hf).
It was obtained by fitting the Keenan and Keyes'
values on a power series.
For P '. 400 psia, 9










= 9.9704457 (102 )
= -2.1762821 (100)













b0 = 8.9642372 (102)
b = -3.3549732 (101)









e) Subroutine SATTMP - Saturation Temperature vs. Pressure
The saturation temperature as function of pressure






























f) Subroutine VISCOS - Viscosity of Saturated Liquid
and Vapour vs. Temperature
The viscosity of saturated liquid as function of
temperature to 6000F was obtained by a power series fit of






a0 = 8.0144599 (100) a6 = 8.4382483 (10-13)














a2 = 2.0423535 (10-3) a8 = 1. 5963800 ( 1 0 -18)
a3 = -1.6324668 (10-5) a 9 = -1.0173273 (10-21)
a4 = 8.8555744 (10-8) alo = 2.8496174 (1o-25)
a5 = -3.3015965 (10~ 10 )
Above 6000F the viscosity was obtained by a series of
straight line fits of the Wellman and Sibbitt data.
g) Subroutine MNPGRD - Martinelli-Nelson's Friction
Pressure Gradient Ratio
Jones' polynomial fit (49) of Martinelli-Nelson
values was used, i.e.,
4 7 P
0M-N = exp I F a - -i=1 J=O
where
p = P/loo


















































3 -3.2426871 (10- )
4 4.6553847 (10~ )
5 -3.0333482 (10 )
6 9.3379834 (10 )
7 -1.1021915 (10- 2
Corrected Pressure Gradient Ratio
It was recognized that the Martinelli-Nelson
values of 0' correspond to a mass velocity of about
200 lbm/sec-ft2 and that the pressure gradient ratio
depends not only on quality and pressure but also
on the mass velocity. Jones (49) has derived a mass
velocity correction factor that is valid for G!5 103
2lbm/sec-ft . This factor is function of both
pressure and mass v@locity and is expressed in
polynomial form as
5
(ai + b P) .G0
i=0
where
Go = ln (.0036 G + 0.2)
-135-
i a b
0 1.4012797 (100) -3.8229399 (10-5)
1 -6.8082318 (10-2) -4.5200014 (10~)
2 -8.3387593 (10-2) 1.2278415 (10~)
3 3.5640886 (10-2 ) 1.5165216 (1o)
4 2.1855741 (10-2) 
-3.4296260 (10-5)
5 -6.3676796 (10-3 ) -3.2820747 (10-5)
But, at G : 200 at any pressure Jones predicts
of value of = 1.4. Since the Martinelli-Nelson
pressure gradient ratios correspond to that mass
velocity, Jones' correction factor should therefore
be unity. Therefore, the suggested Jones factor was
normalized as
Q = Q - 0.4
It was found by Trembley ( 45) that the transition
across the G = 103 boundary yielded a serious discon-
tinuity. Hence
K = for G> 103 was assumed.
=103
The two-phase to liquid-phase pressure gradient
ratio is therefore
=- SM-N
h) Subroutine UNIVER - The relevant curves of GEAP 4615
relating the ratio film thickness/tube radius to the
calculated factor F were fit by an MIT Computational
-136-
Center Share program (50). The form of the fit is
b I ai (F (b)i=0
i) Subroutine ITHCON - Thermal Conductivity of Saturated
Liquid Water vs Temperature
The thermal conductivity of saturated liquid water
was obtained by a series of straight line fits of the
data of Wellman and Sibbitt (48).
J) Subroutine XCPLIQ - Constant Pressure Specific Heat
of Saturated Iquid Water vs Temperature
The specific heat of saturated liquid water was
obtained by a series of straight line fits of the data
of Wellman and Sibbitt (48).
k) Subroutine ISURFT - Surface Tension of Saturated Water
The surface tension for saturated water as a func-
tion of pressure to 1000 psia was obtained by a power
series fit on Volyak's data. (51)
10
a - Z a.Pi-o
where
-137.-
ao = 6.3225462 (101) a6 = 2.8461426 (10-13 )
al = -3.2677020 (10~1) a7 = -3.0063514 (10-16 )
a2 = 2.8126518 (10-3) a8 = 1.9734415 (10~19)
a3 = -1.7494856 (10-5) ag = -7.3149007 (10-23)
a4 = 6.8880390 (10-8) a10 = 1.1689972 (10-26 )
a5 = -1.7378005 (10 10)
Above 1000 psia (544.690F) the surface tension was obtained
by a series of straight line fits to data presented in
figure E.2 of Rohsenow and Choi (52)..
1) Subroutine XSATP - Saturation Pressure vs. Temperature
The saturation pressure corresponding to the temp-
erature was obtained from Steltz et al (47) as
P =Pc 10-XPw  h
where
Xt ( )X TKD
3 4N
N= A + Bt + Ct3 + Et



















m) Subroutine XVISCG - Viscosity of Saturated Vapour
For T 5000F, the viscosity of saturated vapour
was taken from Kestin's correlation (53)
g (PT) = 2.419 (1o~) L88.020 + 0.32827.Tc +
2.1350 (10~4)Tc2 - 1.6018 (10-2)(1858-5.90T)/v]
where
Tc = (T-32)/1.8
v (P,T) = (use subroutine SPECVQ)
For T->5000F, we used Keyes! correlation as given
by Quan (54)
-1
P'g(PIT) = 2.419 (10- 3 )L420 T1/2(1+2600 T~ - 10~0 )
+ 1.5 (100.0906/vg 1 )J
Intermediate Computed Variables







































over which calculation of
thermal and hydralic para-












































Cos , (I -J-.5 v') -
L or L' inches
SINABK + ONEMSQ
(SCRPTL * COSABK)/ZETA inches
(POWERT * COSLEN)/ BTU/hr
(CONSTP * T)
C2
(POWERT * 14 4.0)/ BTU/hr ft2
(CONSTP * DIAINS * T)
(POWERT * COSABK * SCRPTL)/ BTU/hr
(CONSTP * ZETA)
Unused floating point variable
DVLSPL(see FILMFR) ft3/lb m
























sin (k - -5 ')
+(M 1)1/2 2Q= _
M TOT































































































































FILMFR, GRDMOM and called subroutines













log (100 X +1.0)
Linear momentum gradient
I







W00 = 4.17 X 10+8
UNITS












































log(.OO36 G/3600.0 + 0.2)
G
G/3600.0
3 or 2; spacing between





























































































BONUCF, IDNUCF and called subroutines









































J/8 - spacing at which
calculations are perform-


























































































PEAK INLET FLUX DISTRIBUTION - #2503
.213 13.9 30.9 204.2
99. 161. 21. 28.1
123.75
15.0
UNIFORM FLUX DISTRIBUTION WITH COSINE SPIKE
#7210
.213 16.7 36.4 203.4
















OATA OrDUCTION FnP NONUNIFORM AXIAL HEAT FLUX INPUT
rn"MAN NTUPCS SHAPFTUBERAT IOMDIAINS*VOLTS AMPSENTHINFLMASS,
1 0D5SDDDFSIN!,DrESOTPFSDPTSDBOLOCAXLNGTHSHUNTMeP




















ASHADP VALUF INDICATFS THE TUBE FLUX SHAPEqMSHAPE=1 IS UNIFRM
1MCHADF=7 IS'CnSINF, MSHAPE=3 IS LINFAR INCRFASING, AND MSHAPF=4 IS









IF (ARSF(MSHAPF-1) 1 5, 100, 5





r STATMVNTSPrINNING WITH 100 APE FOR UNIFORM FLUX, 200 COSINEC 1 600 LINFAD INCDFASTNG,800 LINrAR DECPEASING91100 PEAKED


















































5 COSLFN ONFMSOSIGNZ ARGZFACMIIRFACPLB.CFXBrLey, 00070
6 FACTMIPOWFYCFXLOYFNLOYPENSLOYOUALOYFACYPLv 00090
7CONSTPSCRPTLZFTAPLNGTHJUULOCATCOSABK.SINABKl 00000










515 FORMAT (r1.0.09F0.2sF10.4,4F10.1I) 0020
520 FODMAT (5F10.01F10.7) 0020
525 FORMAT (2F10.2) 0020
530 FORMAT (T5,9FIO3) 00230
540 FORMAT(24H INLET LIQUID ENTHALPY = F8.29 00240
1 25H INLET EVAP ENTHALPY =F8.29 22H INLET SUBCOOLXNG =F8.2) 00250
543 FORMATI16H INLET QUALITY = F6.3) 00260
545 FORMAT(12H FLOW AREA =3PE15.2925H INSIDE SURFACE AREA -OPE15.4) 00270
550 FORMAT415H LENGTH WH=RE QUALITY EQUALS Z SPC =F1=.2F 00250
1 42H LENGTH OVER WHICH QUALITY ABOVE ZFRO =F15.2) 00290
555 FORMAT(24H POWER OVER SAT LENGTH =1PE1O.3,17H POWER To 8o 00300
1 1PE10.3o26H POWER FPOM SAT TO 80 a IPE1O.3) '0010
560 FORMAT(20H AVG CRITICAL FLUX =1PF10.3, 00370
1 ?SH CRITICAL FLUX AT 90 = IPF131 00330
565 FPRMAT(FI1O.2) 00340





















































































779 FP-MMAT(17H PRESSURE AT BO =F6.1,25H SAT LTO ENTH AT 80 =F8.2.
1 ??H FVAP FNTH AT 90 =F8.2)
7An FOPMAT(13H FNTH AT RO =F8.2, 27H SURCOOLED ENTH AT B0 =F8.2)






























































































700 FORMAT(14H POWER TOTAL = E9.4/,
1 28H POWFR INPUT TO POSITION X = F9.4/#
2 18H LOCAL HEAT FLUX = E11.5)
710 FORMAT(31H LOCAL ENTHALPY AT POSITION X = F8.^)
720 FORMAT(41H LOCAL SUBCOOLED ENTHALPY AT POSITIoN X = F8.2/v

























520 FORMAT (5F10.0. 1F1O.2)
525 FORMAT (2F10.2)
510 FORMAT(I5F1O.3)
540 FORMAT(24H INLFT LIQUID ENTHALPY = F8.2,
I 2rH INLFT EVAP FNTHALPY =F8.29 ??H INLET SUBCOOLING =F8.2)
543 FORMAT(16H INLrT QUALITY = F6.3)
545 FORMAT(12H FLOW AREA =3PE15.2,25H INSIDE St'RFACE AREA =OPE15.4)
550 FORMAT(35H LENGTH WHEPF QUALITY EOUALS ZFRO =1'15.29
1 42H LENGTH OVER WHICH OUALITY ABOVE ZEPO =F15.2)
555 FOMAT(24H POWER OVER SAT LENGTH =IPE10.3,17H POWFR TO BO =
I 1PE10.3,26H POWER FROM SAT TO B0 = IPE10.-,)
560 FORMAT(20H AVG CPITICAL FLUX =1PF10.3,


























































































rNPMcSn= SODTr( (OATICM**2 -1.0) / PATIOM**?
IF (1.0-(2.0*P0WOO/POWTRT) ) 255, ?55, 245
5INZ =T N"S0* (1.0-(2.0*DOWOO/D0WPPT)
00 TO 275
SINZ= ONF"S0*( (2.0*POWOO/P0WEPT) - 1.0)
AO=ASINr(STONZ)
Z =COSLFI*APG /3.1416






205 DCATL= D(dFOT -DW0O
Tr (POLO"A-(XLNGTH/7.00)) 125,32r,34
P 0A r"I=( .- (SINF( (.1416*((XLNGTH/2.00)-R0LnCA) )/COSLPN)/
lr DOWc2O = (0)-WcT,FAr0MIP) /?70
TP (IrLOCA-MUALL) 75C,750,705
















140 PSLROL =POWEOP -DOW0O
0 TO 153
24A FACPLq=(1.C+(SINPF( (11416*(ROLOCA-(XLNGTH/?.0) ) h/COSLEN)
1/ONPMSO ))
345 POWCOR =(POWPPT*FACDLA) /2.0
IF (RLOCA-OUALOL) 850,850,855


















































































350 PSLROL =POWEPR -POWOO
353 CFXAVG = POWERT / AREAIS
DPINT 54",0MPFY,0MPFYFNSIN
POINT 543. OUALIN
PRINT 545, ARFACL ,AREAIS
POINT 550 ,OUALOL, SATL





775 FOPMAT(17H PRESSURE AT BO =F6.1.25H SAT LIO ENTH AT B0 =F8.2,
1 22H EVAP PNTH AT RO =F8.2)
780 FORMAT(13H FNTH AT RO =F8.2, 27H SUBCOOLED ENTH AT BO =F8.2)





IF (Y - CUALOL) 370, 370, 365
365 IF (Y -(1.6*0UALOL) ) 375, 375, 380















400 FACTMI=(1.0-(SINF( (3.1416*( (XLNGTH/2.0)-Y)
1/COSLEN)) /ONEMSO)
410 POWFRY =(POWFRT*FACTMI) / 2.0
412 CFXLOY=144.0*(POWEPT/(2.0*DIAINS*COSLPN*ONFMSO))*
1COSF(3.1416*( (XLNGTH/2.0)-Y)/COSLFN)




42A PACTPL=(1.0+(SINF( (3.1416*(Y-(XLNCTH/2.0) ) )
1/COSLEN) )/ONFMSO)
430 POWFRY a (POWFPT*FACTPL) / 2.0
433 CFXLOY=144.0*(POWEPT/(?.0*DIAINS*COSLFN.ONEMSO) )*
1COSF(I3.1416*(Y-(XLNGTH/2.0) /COSLFN)







































































700 FOPMAT(14H POWFQ TOTIL = CO.4/o
1 28H POWER INPUT TO POSITION X = E9.4/,
2 1RH LOCAL HFAT FLUX = P11.5)
710 FORMAT(31H LOCAL ENTHALPY AT POSITION7X = F8.7)
720 FORMAT(41H LOCAL SURCOOLED ENTHALPY AT POSITION X F@2/9


























Al' FORMAT(195910.l)543 FORMAT(24H INLrT LIQUID ENTHALPY = F8.2,
1 25H INLET FVAP ENTHALPY =F8.2. 22H INLET SUBCOOLING =F8.2)
R41 FORMAT(16H INLFT QUALITY = F6.31
549 FOOMAT(12H FLOW AREA =3PE1S.2925H INSIDE SlIRFACE AREA =OPE15.4)
991 POOMAT(3H LFNGTH WHFRP QUALITY FOUALS ZPRO =F15.2,
1 47H LFNrTH ^VER WHICH QUALITY ABOVE ZFRO -F15.2)
59 FnPMAT(24H POWER OVFR SAT LENGTH =1PEIO.3917H POWER TO BO =
1 1PF10.3.26H POWER FROM SAT TO 80 = 1PE1O.,)
RAO FODMAT(?0H AVG rOITICAL FLUX =PF101.,




















































































































775 FORMAT(17H PRESSURE AT BO =F6.1.25H SAT LIO ENTH AT BO xF8.2#
I 22H EVAP FNTH AT RO =F8.2)
780 FORMAT113H E14TH AT 80 .F8.29 27H SURCOOLED ENTH AT 80 F8.2)





















































































1 *(1. 00+( (X*(OATIOM-1.00)) /XLNrTH) )
POWPDX=((DrWFRT*7,.00)/(ATIOM+1.00))*(X/XLNGTH+((XX*(ATIOM-1.00)
1 )/(XLNGTH*XLNrTW*2.00)))






7-1 FON6MAT(14H DOWrP TOTAL = P0.4/,
I 2RH DOWFP INDUT TO DOSITION X = F.4/,
2 1RP LOCAL HFAT FLUX = '11.5)
71^ Fn0AAT(I31H LOCAL ENTHALPY AT POSITION7X = F8.2)
720 FORMAT(41H LOCAL SUBCOOLED FNTHALPY AT POSITION X = F8.2/,

























a ? ^ pnt"AaT ( c71I . I,1p1o.9) )
q2A FrMAT (?F1 0 .?)
52' FODMAT(15,F1O.3)
4 FORmAT(24H INLTT LIOUID EMTHALPY = P8.2,
1 2-H INLET EVAP FNTHALPY =F8.2, 22H INLET SUBCOOLING =F8.2)
543 cOR"AT(16H INLET QUALITY = P6.3)
r44 FDMAT(2IH rLOW APPA =3PE15.2,25H INSIDE SURFACE ARFA =0PE15.4)
567 ORlMAT(35H LNGTH WHFPc QUALITY FOUALS ZcRO =F15.2,
I 42H LFNGTH IVER WHICH QUALITY APOVE ZERO =F15.2)
555 cORDkAT(?4H DOWER OVFrD SAT LPNGTH =10F10.1,17H POWER TO 80 =
1 1Drln.3,7AH DOWFR FROM SAT TO RO = 1OF10.3)
50 FofMAT(2mw AVS roITTCAL FLUX =101O.3,






















































































































775 FOPMAT(17H PRESSURE AT BO =F6.1,25H SAT LIO ENTH AT 50 =F8.2v
1 22H EVAP ENTH AT RO =F8.2)
780 FOMAT(13H FNTH AT ,0 =F8.2, 27H SUBCOtED ENTH AT R0 =F8.2)




























































































7 O FOOMAT(14H DOWER TOTAL = E9.4/9
1 2PM POWCR INPUT TO POSITION X = F9.4/9
2 18H LOCAL HEAT FLUX = E11.5)
71' FOPMAT(31H LOCAL ENTHALPY AT POSITION7X = F8.2)
72C FO9MAT(41H LOCAL SURCOOLED ENTHALPY AT POSITION X = F8.2/v




















5nVISCL ,RCY UMFrACT0 FPACT ,VPLOCGrOFSOnD)GMLT *GROFT fGQrOMTGRDTOT,
6R Q.rAVACG CAVCSGPAVCHVALUFNvFACT UNRMAOADfIAOAt AFILMTKvYPLUS,
7TAUWALFYDLUSGFILM,OLQENTPCLIODPCLFNTDUMRYADUMMYRDUMMYC


























































520 FORMAT (SF10.0, 1F10.2)
525 FORMAT (2F10.2)
530 FO9MAT(I5,F10.3)
540 FORMAT(24H INLET LIOUID ENTHALPY - F8.2.
1 25H INLET EVAP ENTHALPY =F8.2* 22H INLET SUBCOOLING =F8.2)
543 FORMAT(16H INLET OUALITY x F6.1)
545 FORMAT(12H FLOW AREA .3PE15.2,25H INSIDE SURFACE ARFA =OPE15.4)
S50 FORMAT(ISH LENGTH WHFRE QUALITY EOUALS ZFRO =F15.29-
1 42H LENGTH OVER WHICH QUALITY ABOVE ZERO =F15.2)
555 FORMAT(24H POWFQ OVFR SAT LENGTH =10E10.3,17H POWER TO BO
I 1PE10.326H POWER FROM SAT TO BO = IPE1O.3)
560 FORMAT(20H AVG CRITICAL FLUX =1PE10.39


















































































































































































CFXRO =FXTPAf*COSABK* FXPF( (-ZETA)*(
1 ROLOCA-(XLNGTH-SCRDTLI)/SCRDTL)


































































353 CFXAVG a POWERT / AQFAIS
DRINT 540,DMEFYDMEFGYENSTN
PRINT 543, QUALIN
PRINT 545, AREAFL ,AREAIS
PRINT 550 ,OUALOLP SATL





775 FORMAT(17H PRESSURE AT BO =F6.1#25H SAT LWO ENTH AT 80 of
1 22H EVAP ENTH AT BO =F8.2)
780 FORMAT(13H ENTH AT BO =F8.29 27H SU8COOLED ENTH-AT 80 =F8





IF (Y - QUALOL) 370, 370, 365
365 IF (Y -(1.6*OUALOL) ) 375, 375, 380





































700 FORMAT(14H POWFR TOTAL = E9.4/%
1 28H POWER INPUT TO POSITION X E9.4/9
2 18H LOCAL HEAT FLUX = E11.5 .
710 FORMAT31H LOCAL ENTHALPY AT POIT10N7X F8.al
720 FORMAT(41H LOCAL SUBCOOLED EMTMALPY AT POSITION X F8#2/1








































































2 O)MFFX ,FNFPXOMPFGX FNFGPX ,'NS INOUALIN ,POWFRTAPFAFLAOEA!S,
I OUALml-.SATLDSATl - OoWFPFOSLSOLCFXAV0,gCFXLO)XJLOCATK ,X,
4V00AX*DnWc13XFNjI OXrNSIXOUALOXO)MFFYOMFFCYPOWfOONFOVM#
1; Ce)SLF~~ ,0NMS0,STGNZAP0,9Z FACMIPFACPLSCFX5OL .Y.
6 FArTMIPOWFPYOFXLOYgrNLOYFNSLOYOUALOYFACTPL,
7r0nhSTP,5(PDTL,?F'A,0)LN0,TH,JUULOCATC0SA53KSINA5K, Is










57 FeOmPAT (SF1100 IFlo2)
q2 POAT (F07
R4- FO)OMAT(24H INLFT LTOUTI) ENTHALPY = F8.29
1 25H TINLFT FVAP FNTHALPY =F8.29 22H INLI*T SUSCOOLING =F8.2)
r4l FOPIAAT(16H INLFT OUALITY = F6@3)
54c FOOMAT(12H FLOW AREA =3PE15*2925H INSIDE SURFACE AREA =OPE15*4)
;q" FO*)PA(4I- LFN0-TH 14HEFV OUALITY EOUALS ZFRO -F15.29
I 47H LFNGTH OVER WHICH OUALITY ABOVE ZERO wF15.2)
%555r FnPMAT(24H POWER OVE SAT LFNGTH =1PE1O.3917H POWER To B0
I IDF10.1926H POWFR FROM SAT To B0 - 1DE1O.3)
rF4 rr)OMT(7'H AVrO rtIT~rAL FLUX =1PFIO.19
1 29;H CRITICAL FLUJX AT PO = 1PF10.3)
r57', FrOM5AT(F1'.1)
5 7- FOPMAT?77.2)
c; A FOOQMAT tl5F1*7)
OcAO 51 5,TUPFQATIOMDTAINSVO)LTSAMPSENTHINFLMASS
PFAD A70 ,PPFSP,DOFSIN ,DRESoT ,RFSDP ,TSDPSOLOCA
OcAO) c; li XLNr.THSHUMT'A
PPA0 5109JLOCAT90UALIA
OFAM 550 ,rcOPT) ,ZFTA ,PLNrTH



















































































JLn' AT= 1 .00-FXPF (-7 OT A)







































rFXS0=FrXTRAF*COSABK ( FXPF( ZFTA*(
IR0L0CA-S(RDTL)/srRPTU))
00O TO 150
280) IF (ROLOfA-(XLNrTH-(0LNOTH/2.O00f) 28592AS*?QO0
755; PnWPQA= (PoWEOT/COMST0)*((FXTRA5*ULnrAT) + (ICOSLFm/1.14I6)*(
ISTNAR-SNF((1141/COSLFN)*(XLNTH-(LNTH/200)-OLOCAI I
IF (BMLOCA-OUALOL) 550,850,855







































































nUALnR =FMS L0r /My rFrQ
CFXBO =FXTQAF-*C0(SF( I1.1416/COSLEN)*(XLNGTH-(PLNCTH/2.00)-P0LOCA))
r0 TO IS-
















19' "~PL=0OJWl 0A -DOW0O)
,,i FXAVr = OnL'FRT / A~rAIS
D01yNT c54l,0mFFY,0MFFrYFNSTN
0'!TNT 545, APFAFL 9AREAIS
D" T"T 99') 91JAL0ILt SATL





775 FoDMAT(17H PROSSUOF AT 80 =F6.1925H SAT LIO ENTH AT 80 =F8.29
I 22H PVAP FNTH AT 90 =F8.2)
751) r"DMAT(IH FMITH AT Rm =F8.29 27H SUBCOOLED ENTH AT 80 =F8.21


























































































410 TF (Y-(XLNrTH-(DI-NCTH/2.00))) 415941q,475
415; POWERY= (POWERT/C0NSTrP)*U(EXT3#A8*ULOCATI + t(C0 SLEN/1.14161*11
1SINIRK-SINF((1141/COSLEN)*(XLNGTH-PL86THf2.00)-Y I) )
CFXLIIY=FXT A F*C0MSF(( 1.1416/CSL#)*(XLNCTHPott4TH/20)$Y
r00 To &Is
425 DOOWFPY= (P0WFPT/C0NSTP)*U4EXTRAS*ULOCAT) -4. *C0SLEN/lbl4l6)*t












700 FORMAT(14H POWFR TOTAL = F9.4/9
1 28H DOWER INPUT TO POSITION X = E9.4/t
2 185 LOCAL HEAT FLUX = E11*51
710 FOPMAT(II LOCAL ENTH-ALPY AT POSITIONTX = FBl.:)
720 FORMAT(41H LOCAL SURCOOLED F5THALPV AT POSTTIiJS X =F8,2/*









I nUAL(OLSATL,0SATLPrOWFIR8,SL00LCrXAVC,.CFXL0 XJL0CATt ,X,




































































540 FO)QVAT(74H Tmt-T LTOUTD FMTHALPY = .7
I 25H INLET FVAP PNTHALPY =F8.2. 22H INLcT SUBCOOLING =F8.2)
941 PORMAT(16H INLET OUALITY = F6.3)
545 FoRMAT(12H FLOW AREA =3PE15o2%25H INSIDE SURFACE ARVA =OPE15o4)
S5I FOQMAT(1ISH LmNGTH WHFPF OUALITY FOUALS ZFRO =F15.2,
1 42H LENGTH OVER WHICH OUALITY APOVF ZERO =F15o2)
955 POPMAT(24H4 POWrP oVc SAT LEN-TH =IPESO.1.17H POWER TO 80=
1 1Pr10.3,26H POWCP FROM SAT TO S0 = 1PE10.3)
560 FOPMAT(72H AVCO COITTCAL FLUX =IPFIO.1,
1 P5H CRITTCAL FLUX AT 80 = 1PFIo.3)
A s FnRAAT (F1 n. 7)
r57 FORM~AT(F1X)o
r7r rnQmAT(?r7no7)








DQIMT A ,S ,X L NrT L,9SHU mT m

































































































26A Z=ULOCAT+( (POWOO-( FXTRAB*2.0*0SIEMSO) )/FXTRAA)
OUALOL'.ULOCAT+Z
27C SATL=XLNGTH-OUALnL
0 SATL=PO WFPT-00 WOO
IF (ROLOCA -(XLNnTH-SCPOTLfl 2759275.280
275 DOWFRR-FXTRAA*OJ)CA
IF IROLOCA-OUALnL) 750,750,75














rFXBO-FX TRAF/ ATT IOM
G0 TO 350




















295 POWERR- (FXTRAA*(XLNCTH-SCROTL) 1+
1(EXTRAR*(0NFMSOSTNF(3.1416*(ROLC-UL.CAT)/C0SLF) ))
IF (ROLOCA-OUALOL) 95099500955
955 IF (9OL0CA-I1.6*O)UALOL)) 960,960,9q6t
950 P-PRESIN
00 TO 970
































































0O TO 150 01580
100 POWEPq=FXTOAA*(RoLCA-DLNTH)+(FXTRAR*2.0*ONPMSO) 01590
IF (ROCA-OUALL) 305,305,110 01600
110 Tr (POLOCA-(1.6*OUALOL)) 3151IS93?0 01610
105 D=DRFSIN 01620GO TO 125 01630
l1r P=PDFSIN- (0.750*TSrD*(BCLOCA-0UALOL)/(XLNGTH-OUALOL)) 01640












350 PSLROL =POWFPR -DOWoo 01770
153 CFXAVG = POWFPT / AQFAIS' 01780
DRINT A40,OMFFYnM FrY,FNSIN 01790
PRINT 541, OUALIN 01800
PRINT 545o AOFAFL ,ARFAIS 01810
PRINT 550 ,0UALOL, SATL 01820
PRINT 555 ,DSATL, DOWERB, DSLBOL 01830




77c FOPMAT(17H DDFSSURF AT B0 :F6.1,25H SAT LIO ENTH AT RO =F8.2* 01880
1 22H FVAP FNTH AT BO =F8.2) 01890
7A5 F0reAT(13H FNTH AT gO =F8.29 27H SUBCOOLED FNTH AT BO -F8.2) 01900
75 FOQMAT(16H nUALITY AT RO =F6.3) 01910
rALL nOOMOM 01920CALL cDP<ANN 01910
n' 460 L=1,JLOCAT,3 01940
,6, Y=L-1 01950
163 IF(Y-(XLNGTH-SCRPDTL)) 362,359,359 01960
IF(N) IA4,A49161 01965
-A IF(Y-(XLNGTH-SCPTL+DLNIGTH)) 460,4609167 01970
364 CALL CSPTKP 01980
00 TO 461 01985367 IF (Y-OLALOL) 170,170,165 01990
SAr Ir (Y -(1.6*OUALOL) ) 375, 175, 380 02000
1?1 o = Po=SIN 02010
( TO 301 02020275 P=PDFSIN-(0.790*TSOD*(Y-UALOL)/(XLNGTH-UALOL) 02030
00 TO 10n 02040










OPTNT r70, 0 02130
091D1,T 5759r'MFFY9OMFFGY 02140
IF (Y -(XLNGTH-SCRPTL))400,400,410 02150
400 PnWcDY=FXTDAA*Y 02160
CFXLnYFXTPAF/RAT1OM 02170
GO TO 41A 02180




















700 FODMAT(14H P0WFR TOTAL = EQ.4/v
I ?PH POWER INPUT TO POSITION X EQ.4/9
2 18H LOCAL HEAT FLUX = E11.5)
710 FORMAT(31H LOCAL ENTHALPY AT POSITION7X F8.2)
720 FORMAT(41H LOCAL SUBCOOLED ENTHALPY AT POSITION X FR.2/9




























































































361 IF (Y -(1.A*MUALL) ) 37S, 178, Apn























42' DOWD=y (rXToAA*(XLprTH-SCDDTL) )+











7'n PORMAT(14H POWFP TOTAL = F9*4/,
1 2AH DOWFP INPUT TO OOSITI0N X = E9.4/.
7 14H LOCAL H-AT FLUX = E11.8)
71' FnDMAT(31H LO(AL FNTHALPY AT POSITION7X = FS.?)
72 FOOMAT(41H LOCAL SURCMOLFD FNTHALPY AT POSITION X * F8.2/9






1 DOcS~PPFSI NDQFST ,PFSDDTSODPPOLoCAXLNGTHSHUNTMP,






























































































700 FORMAT(14H POWFR TOTAL = EQ.4/.
1 28H POWER INPUT TO POSITION X = E9.4/,
2 18H LOCAL HEAT FLUX = E11.5)
710 FOPMAT(S1H LOCAL ENTHALPY AT POSITION7X = FA.2)
720 FOQMAT(41H LOCAL SUBCOOLED ENTHALDY AT POSITION X F8.?/
110H LOCAL DUALITY AT POSITION X a F6.3)
721 FORMAT(51H CONDITIONS AT SLUG ANNULAR TRANSITION POSITION =FR.19
I 14H PRFSSURP =F8.1)
722 FORMAT(18H LIQUID ENTHALPY =F8.2.19H EVAP ENTHALPY =FS.2)
723 FORMAT(28H POWER OVER ANNULAR REGION =1PE10.3.



























































































I- (Y - OUALOL) 370s 370, 365
1A IF fY -(I1.A*OUAL0L) 1 375, 375, 3An












400 FACTMT=(1.n-(Smre (3.1416*( (XLNGTH/2.0)-YI
1/CoSLFN)) /WFMSO)
410 DOWFPY u(POWFPT*FArTMI) / 7.0
411 rFXL0Y.144.f*(onWcDT/(I7.O*IAINS*CSLN*0NMS))*
lroSF(3141A*( (XLNOTH/?.01-Y)/COSLrN)




4?A FACTDL=(1.0+(SINF( (3.141A*(Y-4XLNGTH/2.0) ) I
1/COSLcN) )/ONrMSO)
410 DOWPPY = (DOWrRT*FACTPL) / 2.0
4-4 CFXLOYe144.0*(D0WERT/(2.0*OIAINS*COSLEN*ONEMSO))*
1(OSF(1.1&16*(Y-(XLNGTH/2.0) )/COSLFN)













700 FORMAT(14H POWFR TOTAL = EO.4/,
1 2AH DOWrR INDUT TO POSITION X = E9.4/,
2 18H LOCAL HEAT FLUX = E11.5)
710 FORMAT(31H LOCAL FNTHALPY AT POSITION7X = F8.2)
720 FORMAT(41H LOCAL SURCOOLED ENTHALPY AT POSITION X = F8.2/,






























































721 FORMAT(51H CONDITIONS AT SLUG ANNULAR TRANSITION POSITION =F8.1,
1 14H PRFSSURF =F86l)
722 FORMAT(18H LIQUID ENTHALPY =F8.2,19H EVAP rNTHALPY ~=F82)
723 FORMAT(28H POWER OVER ANNULAR REGION =1PE10.3,




















































































































700 FOOMAT(14H DOWFP TOTAL = FQ.4/9
1 28H POWPR ITNUT TO DOSITION X = Sq.4/9
2 1H LOCAL HrAT FLUX = E11.5)
710 FORMAT(31H LOCAL ENTHALPY AT POSITION X = F8.2)
720 FORMAT(41H LOCAL SURCOOLED ENTHALPY AT POSITION X = FA.2/,
130H LOCAL OUALITY AT POSITION X = F6.3)
721 FOPMAT(51H CONOITIONS AT SLUG ANNULAR TRANSITION POSITION =F8.1,
1 14H PRFSSUDF =F9.1)
722 FORMAT(IAH LIOUID ENTHALPY =F8.2.19H EVAP ENTHALPY =F8.2)
723 FORMAT(2AH POWER OVFR ANNULAR REGION =1PE10.3,

















































































































700 FORMAT(14H POWER TOTAL = E9.4/9
I 28H POWER INPUT TO POSITION X = E9.4/-
2 18H LOCAL HFAT FLUX = F11.5)
710 FOPMAT(31H LOCAL ENTHALPY AT POSITION X = F8.2)
720 FORMAT(41H LOCAL SUBCOOLED ENTHALPY AT POSITION X = F8.2/*
130H LOCAL -QUALITY AT POSITION X = F6.3) .
721 FORMAT(51H CONDITIONS AT SLUG ANNULAR TRANSITION POSITION =F8.1,
1 14H PRESSURF =F81)
722 FORMAT(18H LIQUID ENTHALPY =F8.2*19H rVAP FNTHALPY uF8.2)
723 FORMAT(28H POWFR OVFR ANNULAR REGION =1PC10.3,



























IF (Y - QUALOL) 370, 370, 365
365 IF (Y -(1.6*OUALOL) ) 375, 375 380































































































7- PORMAT(14H DOWCP TOTAL = FQ*4/t
I 2AH POWER INPUT TO POSITION X = E9.4/9
2 18H LOCAL HEAT FLUX = E11.5)
71~ FOOMAT(31H LOCAL FNTHALPY AT POSITION7X = F8.2)
721 FORMAT(41H LOCAL SURCOOLED ENTHALPY AT POSITION X F8.2/9
130H LOCAL OUALITY AT POSITION X = F6.3)
7?1 FOOMAT(51H CONDITIONS AT SLUG ANNULAR TRANSITION POSITION =F8.1*
I 14H POcSSURF =FP.11
72? FOQMAT(1SH LIQUID ENTHALPY =F8.2919H EVAD ENTHALPY =F8.2)
771 FORMAT(28H POWFP OVFP ANNULAR REGION =1PE10.39



















































































IF (Y v OUALOL) 370, 370, 365
365 IF (Y -(1.6*OUALOL) 1 375. 375, 380

















410 IF (Y-(XLNGTH-(PLNGTH/2.00))) 415,41%,429
415 POWERY= (POWERT/CONSTP)*((EXTRAB*ULOCAT) + i(COSLEN/3.1416)*(
15INABK-SiNF(43.1416/COSLEN)*(XLNGTH-(PLNGTH/2.00)-Y ) ) ,J )
CFXLOY=EXTQAE*COSF((3.1416/COSLEN)*(XLNGTR-tPLNGTH/2001-Y )
GO TO 435


















700 FORMAT(14H POWER TOTAL = E9.4/9
1 28H POWER INPUT TO POSITION X = E9.4/v
2 18H LOCAL HEAT FLUX = E11.5)
710 FORMAT(31H LOCAL ENTHALPY AT POSITION7X = F8.2)
720 FORMAT(41H LOCAL SUPCOOLED ENTHALPY AT DOSITION X = F8.2/9
130H LOCAL QUALITY AT POSITION X = F6*3)
721 FORMAT(51H CONDITIONS AT SLUG ANNULAR TRANSITION POSITION =F8.l,
1 14H PRESSURE =F8.1)
722 FORMAT(18H LIQUID ENTHALPY =P8.2.19H EVAP rNTHALPY =F8.2)
723 FORMAT(28H POWER OVER ANNULAR REGION =IPE1O.39




































































3 C0SLFNoNEASOS IGNZ AOC-,Z ,FACMIP ,FACPLRCFXROL ,Y,
A FACTMIPOWF YCXLOYFNLOYFNSLy,'UALoYACTDLI
7CONSTD01TLZTAtOLNGTHJUULOCATCOSAKSINA3Kt,








5OVISCL , rY3UMFFACTP ,FFACT ,VrL0C ,GROFSOOOMLT,OPOFT e,OMTGPDTOT,




2 PPNU'lA,3cTGHT ,H ,HD N0,OAOEMOOtT0FPNO,0ELTT ,OACHEN,








TF (Y - OUALOL) 370, 370, 165




l3'n OP AI=PQrSTN-(O.750*TSO)P*(0.6*OUALOL)/(XLNG TH-0UAL0L) I

























431l C0'T I MUF
4931 0WEAmn'0T-DWl~o
0AvBOL =POW q9-~0mWEPY
PRINT 777 9 'AFY 9 IM~rry
'TYNT 723,P0lWFQA9PANROL
POINT 7(O fl0nWrT9PfWFV'VCFXLnY






































































I 29H PnWER INPUT To POSITION X = E9.4/9
2 1AW- LOCAL HrAT PLUX = EileS)
71n FOPMAT(3iM LOCAL FNTHALPY AT DOSITTON7X = FO.P)
720 POPMAT(41H LOCAL SURCOOLED FMTHALDY AT P(NSITIfiN X -=8*/
130H LOCAL OUALITY AT POSITION X -F6*3)
721 FORMAT(51H CONDITIONS AT SLUG ANNULAR TDANSITION POSITION =FS.1.
1 14H PRESSURF =F9.1)
722 FOPMAT(18H LIQUID ENTHALPY =F8*2919H IFVAP ENTHALPY zF892)
723 FORMAT(28H POWER OVER ANNULAR REGION =1PE1O*3#





1 PQPSP,05PSN' PQFSOT ,PSDPTSDPSOL0CAXLNGTHSHUNTMP,
2 DMFFXENFPXOm0FXFNFGPXENSNOUALINPWC0TAFAFLAQFATS,
I OUALO)LSATLPSATLPOWFRR,0PSLI3OLCFXAVGCFXLOXJLO"CATKX,
4RFAI( POWFOX ,NL0X ,FNSLOX ,OUALOX ,DMFFY ,O4EFC,YPOWnOOONFOVM,
5 COSLENONEMSOSIGNZARGZFACMIBFACDLRCFXROtLY,
6 FACTM1,DOWFP~YCFXLOYENLOYFNSLOY,0UAL"YFACTPL





2SUM2,9SU43,SUM4, SUMS,9OMFGA0 qOMFGA tPGMULTP0SUBL. ,TvVISCL,#VnLSPL,*ENO#
3VOLSPGOUALO4,P0WEPAPANSOL ,DENFOOFNF0~7,ENSO,0UALnOVSPLODVSPOO,
4GT0ToPMOMGQDMTDVLSLDVLSPGTERM1 TEQM2,TFOM3,TFQM4,GGASDT,































































































100 FODMAT(9H H DFNG =E15.5,25H NUCL FLUX OENG-REqGLES = 15.59








7Y0 C^DMAT(1H nT CHrN =10.5,14H OT PDFVIOUS =r1c.5*











1 4DOTKT 'AfmenrlcLTrN9RMAnACC2 FADMAT(40H nPLTA rNTHALPY ANNULAR TPANS TO LOCAL =F9.2,
1 37H LOCAL FLUX CVED FLUX FOR NUCLFATION=F8o2,









r CSLPN ,0NFMS0,SIGNZAPGZFACMIBFACDLRCFXBOst Y,
A FACTVIPOWcDYCFXLOYENLOYFNSLOY,0UALOYFACTDL7
COrNSTDSCqDTL9ZFTAPLNGTHJUULOCATCOSABK#SINABKeIt





























































































100 FORMAT(9H H DFNG =E15.5,25H NUCL FLUX DENG-IERGLES =F15.5,








200 FORMAT(10H DT CHFN =eFO.5,14H DT PPFVIOUS xF10.59,
























3000 FORMAT(40H DELTA ENTHALPY ANNULAR TRANS TO LOCAL =F9.2,
1 37H LOCAL FLUX OVEP FLUX FOR NUCLFATION=FS.2,





































































5 CnSt I, 4MSI)STCZAGZFACkI9,FArPLP~rFXRUL .V.
6, FACTYI n YCXMPFL~rSO9)J~)tA7L
9 PXT"AArXT"AP, TA#XT~*XP~*XQg
COM"ON 0UALIAOLCTI(IN'CH,
I DPDXCOLM1 9CO)LM2 #CnLm3,COLm4tSUMCMLO14IMNqG TOT 5CGSURZ ,SUMO, SUM 1,
2S
1
JM2,SUM 3951JM4, SUM59OMFGAP 90M EGAQ0GMULT vPSURtL TvV IS CL PVOLSPL# ENO9
I VCLSDG ,OJAL('4,D0eWEP A ,PANBL9DrONFGOE0MS~roO~nUALOVSDLOr)VSOGO,
6B 5AVACtGP AVCS IR A VCHV ALUEN 9FACTURMA)A 9r35MA(nA9A PFTLMTK ,VVLUS,
7TAUWAL *FYOLUS gr I LmILFFT 90CL 10* PCLrNT 9LMMY A qUMMYR,0UMMYC
CnmMOlnI NM4,T14CMD,FrH4FPSCHMVISCOCDLT(OSUoFTL,





T WAL L=M0T rNS+ T+46 0.
CLM1=2.0*A*R*TWALL*TWALL/r)X
CoLM2w4,o)*TWALL*A
84. 1 &+( '*T WALL)
, tJv2P0Lm I 4rCLM2,?C)LM3
SU'J I-( 2.'*rX)-(A* R)
OAr' IUS=(SU AI-.S0RTr(SUm2 I)/SUMI








UYOlv( 7o1*nX)-C A *R)
P An US= (SU'll-SOQTP( SUV2 ))/SUM3
clQMAT(40H LARGEST PADIUS(FT) NEEDED FOR NUCLLATIONSSC4EN.E1O*4)
OrTUO M
S5U'~UTI~lc Xwrckl~
Cl~wkAf~m NTUQFS ,MSHAP~,TUBE,0ATIOMDIAINS ,VOLTSAMPSENTHINFLMASSv





















































































100 FOQMAT18H SATTftPmE1O.4, 714 VISCL*EIO*4, 9" T14COOO06O49
1 7H4 CPLIO=F1O.4, SH SURFTL-EIO.4v 714 VISCGwE1O*41
150 FORMAT(4 P wE1O.499H ENFGPX =E1O.4.99M VOLSPG *E10*49
1 914 VOLSPL .F1O*4)
200 FORMATION SATP-FIO.49BH DELTVP=ElO&4S14 PRMUM~mFlO.49
1 514 XTT.ElO,474 FCH4FNaEl004* 7H4 SC14ENwElO.40BH RfYMgLO*ElOo4)








4PSREAK .POWERX .ENLOX *ENSLOX ,OUALOX .D9EFY .D*EFGY .POWOO.ONEOVM,
S C0SLENONEMSO.SIGNZARGZFACM18,FACPL8.CFXBOLy,
6 FACTMI ,POWFRYCFXLOYFNL0YFNSLOYOJALOY.FACTPL,



































































































































































































































































































LTMTTS ON THIS SUARnUTTNP ARF 12 nFG F (CPLTO =1.000)






























3VOLSPG POUAL04 9 POWER A 9PANBOL #DENFO*Dw$tfO*FRSO*GfJAL090VSPLC $DVSPGOO
46TOTonPmOmgGRDMT.DVLSPL#DVLSDGPTEPMI#Yf"?oT"PloTE*t44*GGAS*DTt
50VTSCL*RCYNUVgFFACT09CFACT#VWLOC#GOTWSvDPttOt'T*Cl*DFT#M**Mt*GRDTOTo
69 v GO AVAC 9 GO AVCS 9GRAVCHoVALUEReFACTLIN#BMAOAo8St4A*A * #? tLMTK*YPtUS9
7TAUWAL#FYDLUStnFTLM*-LOFNT90CLT09PCLFNT*DLPW A*OUVW15vWWWVC






























6 CACTV It OOWrOY of VXL('kY 9 VNLOY 9 FNSLOY ofsUALIDY 0AC Tot#
7CMNSTP*SCqPTLoZETA#DLN4GTHoitUoULOCAT*COSASKPSTNARK919-






















































































































































9mMcF@ 9 DMEFG9 wgNLOS 9 FMSLOR 9 OU ALn8 9 EX TOAG sf!XTRAH t EXTRA I vFXTRAJ
C11"MON 0UALIA9GLI()vTKTNCHv
InDtDXC,)L','ItCf)LmtCe)L'A39COL'P4*SUMCnL*OHTIAN*GTO'rSCoGSUSZOSUMOOSUMIO
? SJ%42 9SUM3 9 SUM4 9 SUM5 90"FGAP 90MEGA #PGMUL T 9PSUAL 9T 9V TSCL 9VOLSPL *ENO v
IVOLSDG*OUALn49DOWEPAtPAPIBOLtDEMFO*DENFG09ENS09GUAL09DVSPL09DVSPGOt





1 XTT #SATO* SvALLT 9 nELTVP9TWALLq#4CHENqHKAC 9"MlCqQFYNL(,)oNFLUX 9
7 DP4U"098 -PGHTtHD59HDFNG*OADFNG*DTDFNG#DELTT90ACHER9























ar %4cc!j . n'lr7 9 FMLnB *FPISLO? 90UALOB 9 EXTQAG 9FXTRAM* EXTRA I 9EXTRAJ
('C""ICN ')JALIA9GL1Q9TKIMCH9
InOvDXvCnLmltCmLml*CML'AltCf)LU49SUmCOL90HIAONtCTnTSCoGSUBZtSL)MOtSUM19
























































































CO lv)M ' UALIAtGLI09TWINCHq



















Fnr)MAT(OH n'JALr)X =r7lf".491')H OUAL RATIO **.() F10.40





LT'*TTS ON TWIS SURPOUTINF ARP 1/XTT GRFATER THAN .1(FGQFrATFP THAN






















































































C LIMITS ON THIS SUBROUTINE ARE FF GREATER THAN 2F+& (So.90)
C AND FF LFSS THAN JF+6 (S-ol)




































































































































































7 F)IAFFXtrMPDX*r'MPFGXP NrrOXPPNSINgOUALTNPPC 'cPToARcAFL*ADFATS#
I OUALOLgSATL*PSATLgDOArrlpgDSLQr'LgCFXAVC39(7FXLoXoJLOCATYKtXt




































r -,VT -CL9'-"y 't,"'grrACTPgFFACTgVELOCgGPDF59DPGMLTtGPDFTer)CiRDMToGRDTOTt
A *'PAVAC*r .IAVC59'7P VrH#VALUFN*;:ACTUNPBMA()A#DBMAOAtAgrlLMTKtYPLUS*
7TA'J't,']kL*; y"[,US*C-rTL'19GLOFNIT90CLT(ItnCLrNT#r'UIYYA90UMMYStMUMMYC
I X T T v c A-Ovc'4ALLTtnFLTVDgT'."ALLgHCHFNPHMArtHMT('trPYNLO#MFLUX#
2 Dokl'J ,IR991 0CHT,4,)RH)FN'jt()ADENGtDTDrNCvnFLTT90ACHENO
I DTCHPNtPAD IAXtf)FLT NtOADIIJSPCC*DDoEF







015 TF(D()'4COY-l *m) 19197


































































I~ rO'lATflH )PCmLT uF8.1910H fOGQDmT =FB.1*lOH GRO)FT =F8.19
IIIH rPITOT =F9.1)
11~ FOOMATITH- rC065 =IPFIO.398H GLIO =lPFE10.3)








H "FYNUMA =10178.291nH FFACT =OPF8SslOH VELOC =F8.29
11'H GQ'IFS =FP.7911H FPACTP =FS.8,)
1 1 nONAT7(81 TFPMTl =F1O.499H Tr-RM2 =Fl0.699H TFRM3 =F10.39
I Ow TFPMq4 =9~1n.411
14- FOOMAT(91- VALUPN =PS.3911H FACTUN =F8.4911H DBP4AOA =F8.4)
I 1 FrOMATIgH TAUWAL =F10.2901- YPLUS =IPEIO.3911H FYPLUS =1PE10.3)
16' POY'AT(OH T'(INCH =F1O.6,GH GFILM =IPEI.Os.2,IH GL0O'NT =1PE1O.2)1
17, FOMAT(?,H PEPCFNT LIOUID OF TOTAL =F1O.29





















(f'V'~nki kt, TH('n-, FCHcN1SCHNVSCG9COL 1oS5OFTL,













































































20 FOQMAT(QH nummyn =rf6.2927H O'JALOX COMTPOI. VOL INLFT -Ffi.2,
I )7H 0)VLSOr, CONTOOL VOL INLET =FR*4t






2 0)MEFX ,ENFPXOMEFGX, FNFGPXENSINOUALINPOWE1TAREAFLtAAEAISv
I OUALOLSATLDSATLPOWFRROSLROLCFXAVO,7CFXLtOXJLOCATt ,X.
4PBFAKPOWFXFLOXFJSLOXOUALOXOF4PY?)EGYROWOOtW4FOVM



























OLJMMYA= (-DPMOM ) IIX LNGTH/12.O I
PRINT 17S#OUMMYA
175 FORMAT138H DGRmT BASED ON LINEAR MOM GRADIFfT -FlZ.1D
RPT URN
SURROUTINF MNPGRO
C LIMITS ON TNlE APPLICATION OF THIS SUBROUTINE ARE 7OPERCENT OUAL!TY
































































r POP N=O QFFFR TO FTGURC 6 GCAP4615
C FOR N=-06131 PFFFQ TO FTGUPP 7 AVAP 4,611
TF4FACTUN-o25O) ?910930
2 IF (VALUFN - OeO) 7097
7 IF (FACTUN-*046) 2500tlO
9 IF(FACTUN-903nl 209595
5 RMAOA=+#942161079-1-6734404659*1*FACTAJR+.IR20*540F+I*fFACTUN**2)
I -. 13413306F+4*(FACTUN**!) -. 559767*?E+3*(FA-CTijt4**4)
2 +*4Q52436jF+S*(FACTUN**S) -*IR569717F+6*(FACTUN**6)





































IF (0-400*0) 59 10#10
































(7()LMP -(nX*DX)*(-5qj756752F-l +1*9550200*DP -9*6886164F-l*fDP*DP)
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.214 30.0 121.0 130.0 105.0 25.0 104.2 -214.5
.1 105.6 .568 .616E 06 .8628E 05 .582 417.4 5.4
.211 30.0 121.5 127.0 110.0 17.0 59.8 -257.1
.2 110.5 .537 .645E 06 .8905E 05 .652 393.9 6.2
.211 30.0 122.0 120.0 100.0 20.0 149.1 -163.3
.1 100.4 .557 .516E 06 .7973E 05 .568 412.0 4.6
.212 30.0 125.0 135.0 117.0 18.0 177.3 -144.5
0. 117.4 .593 .6C0E 06 .8328E 05 .606 441k.4 5.0
.211
0.
30.0 122.0 110.0 88.0 22.0 205.0 -ICO.7
88.1 .597 .547E 06 .7570E 05 .599 447.8 3.2
.211 30.0 124.0 127.0 107.0 20.0 223.1
.2 107.4 .555 .522E 06 .7207E 05 .566 408'.1
-93.8
4.4
1 117.0 1.00 .210 30.0 12C.C 132.0 112.0 20.0 2521.4 -17.6









.214 30.0 125.C 115.0 105.0 10.0 68.4 -240.7
.6 112.1 .183 .6C8E 06 .7283E 05 .394 89'.2 25.4
.214 30.0 125.0 119.0 106.0 19.0 14919 -161.9
.3 110.0 .363 .514E 06 .7188E 05 .477 245.3 9.3
.214 30.0 125.0 103.0 85.0 18.0 203.4 -97.3
.6 87.5 .512 .410E 06 .7300E 05 .558 376.7 3.3
.214
.1
30.0 125.6 118.0 98.0 20.0 247.2 -63.9














































































































































































































































































































































































































































































































































.668 .3!3E C6 .7973E 05 .673
123.8 100.0 95.0 5.0
.27C .714E C6 .5905E 05 .202
125.0 110.0 101.0 9.0
.398 .713E 06 .6386E 05 .405
125.0 109.0 93.0 16.0
.56'3 .9CI 06 .7451f 05 .571
126.3 117.C 103.0 14.0
.490 .749f C6 .6284E 05 .508
126.3 116.0 96.0 20.0
.372 .617E 06 .9574f 05 .601
123.8 116.0 95.0 21.0
.A29 .240E C6 .8893E 05 .645
125.C 124.0 102.0 22.0
.675 .221E 06 .8775E 05 .685
1254C 124.0 102.0 22.0
.675 .223E 06 .8245E 05 .691
126.3 110.0 91.0 19.0
.122 .110E C6 .9059E 05 .560
123.8 120.0 99.0 21.0
.6i? .242E 06 .8813E 05 .696
125.0 109.0 98.0 11.0
.310 .916E 0~6 .7705E 05 .435
125.C 112.0 93.0 19.0
.602 .512 06 .8179E 05 .635
248.8 127.0 60.0 58.0
.4Ce .1C3E 07 .1475E 06 .414
247.5 123.0 67.0 56.C
.374 .9C1E C6 .1257k 06 .385
241.5 129.0 64.0 65.0
.433 ,SC4E C6 .1245E 06 .439
241.5 128.0 63.) 65.0
.429 .71E C6 .1099E 06 .43A
241.5 132.0 67.0- 65.0
.456 .78E C6 .1044f 06 .465
241.5 -12i.0 61.0 60.0
.237 .IC6f 07 .1,85E 06 .49t
25C.C 132.0 77.0 55.0
.35C .1CIE C7 .1392E 06 .474
25C.C 131.0 69.0 66.0










































f50.0 135.0 67.0 68.0 252.6 -69.2
.. 987 .4tqE 06 .1162E 06 .493 326.5 1.1
30.0 244.C 128.0 67.d 61.0
93.1 .322 .992E 06 .1435E 06 .428
71.0 -246.5
196.0 5.8
.210 30.0 , 241.5 131.0 65.0 66.0 72.5 -246.9
.4 76.0 .45C .6t4E C6 .1538E 06 .485 299.0 2.c
5.1 C. C.
24.2 Oh C.





























































































































































































































































































































































































































































































































































































































































































































































































































































































































.212 30.0 453.5 207.0 114.0 93.0 149.3 -209.5







































































































































































































































































































































































5 2505.0 5.75 .213 30.0 495.0 225.0 121.0 104.0 205.2













































































6.4 11.1 Ci C.
5 2501.0 5.75 .214 30.0 5C0.0 155.0 93.0 62.0 77.8 -255.4
10.9 .1 155.0 -.068 .201E 07 .1855E 06 .175 0. 0. 0. C. C.
6 2555.0 5.75 .214 30.0 5C0.0 187.0 110.0 77.0 203.2 -14L.2
27.0 .2 143.9 .221 .154E 07 .1716E 06 .273 107.3 8.3 14.C C. 0.
6 2554.0 5.75 .214 30.C 5CC.0 1C5.0 72.0 33.0 49.3 -?5.
22.3 .1 105.0 -. 054 .210E 07 .1562E 06 .088 0. 0. C. C. 0.
8 0326.0 4.03 .214 30.0 249.8 133.0 62.0 51.0 253.2 - 67.4 4.17 .085 20.0
28.4 .1 67.3 .450 .405E 06 .1090E 06 .465 297.7 1.0 1.7 0 0
8 0345.0 4.03 .214 30.0 250.0 140.0 90.0 50.0 205.5 -119.3 4.17 .50 20.0
20.4 .0 112.2 .281 .430E 07 .1255E 06 .466 192.8 37.5 60.0
8 0313.0 1.03 .215 30.0 252.5 137.0 70.0 60.0 204.0 -116.6 4.52 .50 27.0
27.2 .1 76.8 .408 .235E 07 .1205E 06 .450 276.1 7.9 12.7
8 0344.0 4.03 .2117 30.0 244.0 135.0 60.0 75.0 202.5 -113.8 5* 1.5 27.0
28.1 .1 61.0 .400 .156E 07 .1198E 06 .471 297.0 4.7 7.3
7 7210.0 1.00 .2130 30.0 250.0 128.0 35.0 93.0 203.4 -114.1 2.27 1.0 24.0
29.8 .0 35.9 .500 .871E 06 .1247E 06 .505 318.7 .88 1.4
7 7510.0 1.00 .214 30.0 250.0 122.0 36.0 86.0 198.4 -115.3 5.75 1.0 24.0
24.6 .2 59.1 .332 .408E 07 .1138E 06 .451 188.9 13.1 19.2
7 7710.0 1.00 .213 30.0 250.0 120.0 36.0 85.0 202.3 -110.1 7.0 1.0 24.0
24.6 .2 58.4 .330 .181E 07 .1125E 06 .450 188.5 15.4 21.9
7 7250.0 1.00 .2125 30.0 250.0 132.0 37.0 95.0 203.5 -116.5 2.27 5.0 22.0
29.7 .2 38.4 .518 .821E 06 .1300E 06 .525 336.5 .83 1.4
7 7550.0 1.00 .212 30.0 250.0 115.0 36.0 79.0 203.5 -105.6 5.75 5.0 22.0
25.7 .2 55.9 .352 .239E 07 .1109E 06 .445 213.4 6.6 9.4
7 7750.0 1.00 .211 30.0 250.0 115.0 37.0 78.0 206.1 -103.0 7.0 5.0 22.0
25.9 .0 57.7 .345 .228E 0 .1061E 06 .426 210.3 6.6 9.5
7 7290.0 1.00 .211 30.0 250.0 135.0 38.0 97.0 205.0 -116.8 2.27 9.0 20.0
29.8 .0 39.0 .506 .733E 06 .1283E 06 .510 324.6 .77 1.2
48" LONG TUBES
1 114136 1.00 .212 48.0 250.0 140.0 38.0 102.0 254.2 - 70.6
47.6 .1 39.0 .484 .4915E 06 .1091E 06 .489 300.4 .56 .87
1 139135 1.00 .210 48.0 240.0 138.0 38.0 100.0 206.1 -117.5
47.8 .1 38.7 .494 .5382E 06 .1184E 06 .498 310.1 .61 .95
1 128110 1.00 .212 48. 0 125.0 117.0 . 2.0 25.0 251.3 - 59.2
47.8 .2 92.1 .637 .34533 06 .76 7E 05 .641 181.6 1.8 4.5 47.5
DATA TAKEN WITH OSCILLATORY INSTABILITY PRESENT
1 107.0 1.00 .213 30.0 250.0 95.0 95.0 0 71.8 -222 7 17.0
27.0 0.0 95.0 .427E 06 .595E 05 .017
1 108.0 1.00 .214 30.0 250.0 170.0 155.0 15.0 88.8 -252.3
28.3 .7 .834E 06 .1168E06 .245
1 120.0 1.00 .2115 30.0 244.0 209.0 181.0 28.0 90.8 -268.7
29.9 .1 181.2 .374 .1014E 07 .1404E 06 .376 25.0 12.8
1 128.0 1.00 .211 30.0 243.0 193.0 170.0 23.0 124.3 -228.2
29.8 .0 .86203 06 .1190E 06 .321
1 111.0 1.00 .213 30.0 250.0 175.0 117.0 28.0 162.7 -180.9
29.6 .1 .725E 06 .1010E 06 .345
1 119.0 1.00 .2135 30.0 249.0 225.0 195.0 30.0 175.8 -190.3
29.6 .1 .9900E 06 .13803 06 .425
1 118.0 1.00 .2135 30.0 249.o 218.0 190.0 29.0 238.7 -124.7
29.6 .2 190.5 .1A .83623 06 .11.68 06 .422
1 112.0 1.00 .2135 30.0 500.0 187.0 169.0 18.o 99.4 -250.0
28.1 1.6 .1110E 07 .1550E 06 .118
1 122.0 1.00 .2105 30.0 483.0 211.0 187.0 24.0 104.8 -255.3
29.8 .0 .1125E O .1560E 06 .086 4.9
1 113.0 1.00 .212 30.0 500.0 209.0 191.0 18.0 144.1 -215.6
25.8 3.7 .97603 06 .1355E 06 .063
1 128.0 1.00 .211 30.o 486.o 210.0 181.o 29.0 114.6 -245.2
.1262E 07 .1745 06 .18
FAST TRANSIENT TEST
2 513.0 5.75 .214 30.0 125.0 115.0 95.0 20.0 200.4 -108.7
20.1 1.1 101.2 .425 .7339E 06 .81523 05 .626 298.2 9.9 17.2
*Axial Flux Distribution
1 - Uniform 5 - Peak Inlet
2 - Conine 6 - Peak Erit
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0. - X UNIFORM FLUX DATA (FOR 27'TUBE-
WITHOUT SPIKE)
O NORMAL FLUX (FIRST 25 1/4"LENGTH)
0 "HOT PATCH," PEAK FLUX (1 3/8"
LENGTH, 3/8" FROM EXIT)
0 .1 1 1 1
0.2 0.3 0.4 0.5 06 0.7 0.8 0.9 1.0 1.5
ENTHALPY AT BURNOUT, HBO , BTU/LB x 10-3


















OF CRITICAL CONDITION BY LOCAL CONDITION














ie AREA ABCD =AREA ABEFG
FIGURE 3. PREDICTION OF CRITICAL CONDITION BY EQUIVALENT LENGTH METHOD OF













































FIGURE 4. REGIMES OF TWO -PHASE FLOW
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BAKER (REF 24) AND
HABERSTROH AND GRIFFITH (REF 23)
ANNULAR
REG IME
0.1 0.2 0.3 0.4 0.5 0.6
QUALITY, X
0.7 0.8 0.9 1.0
FIGURE 5. FLOW REGIME MAP FOR TEST CONDITIONS
3 x 106
-280 -240 -200 -160 -120 -80
INLET SUBCOOLING, AHin, BTU/LBM
FIGURE 6. COMPARISON OF UNIFORM FLUX DATA WITH






















M 1.8- TEST CONDITIONS
... G =1.0 x 106 LBM/HR -FT2
I PINLET =0 132 to 123 psia
E1 218 to 95 psia
.6 - PEXIT =O 69 to 63psia
Z 195 to 95psia
VON GL ANN (ReF D = .214 INCH ES
-4 MACBETH (RE F 30 15psia Sic
LOWDERMILK (REF 27) 15-115 psia
'C
120 132
>1.0- E104 ci 0VN GLA4HN (RE.
D-10% 1192)I i
L- 0129 39 i18 (E
S0. 8 - 1 0140 se
-d 108 128 0 131








0 -1 N1 BE 107111 5
-280 -240 -200 -160 -120 -80 -40 0
INLET SUBCOOLING, AHin, BTU/LBM
FIGURE 7. COMPARISON OF UNIFORM FLUX DATA WITH
EXISTING CORRELATIONS, G =1.0 x 106 LBM/HR -FT 2
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FIGURE 8. COMPARISON OF UNIFORM FLUX DATA WITH EXISTING
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D = 0.214"; L/D = 140
TIN= 131*F; pEx I






FIGURE I I : CONFIRMATION FOR TEST SECTION 112 THAT THE
OVERALL SLOPE GOES TO ZERO AT THE FLOW




















0 HEATED SECTION -
PRESSURE DROP
(CALCULATED)









G=0.5 x 106 LBM/HR-FT 2
PINLET= 135 to 100psia
PEXIT = 115 to 85 psia
























L = 30 INCHES
+10% 0N0+10% UX DISTrR/BU! O





















G=0.5x10 6 LBM/HR-FT 2
PINLET =I 35 to 100 psia
PEX IT =115 to 85 psia
D = .214 INCHES

















FIGURE 13, TOTAL CRIT ICAL POWER FOR LINEAR AND PEAKED FLUX DISTRIBUTIONS

















































29.1±.3 26.1±.2 28.3 ±.4
o M=2.27 VM=4.O 0 M=5.75 VM=2.27v M=5.75 a M=2.27 A M=5.75 $M=5.75 0 M=5.75
COSINE LINEAR INCREASING LINEAR DECREASING PEAK INLET PEAK EXIT
FIGURE 14. CRITICAL LOCATIONS (INCHES FROM INLET) FOR THE NONUNIFORM




G =0.5 x 106 LBM/HR - FT 2
PINLET= 135 to 100 psia
PEXIT ='1 5 to 85 psia
CRITICAL LDCATION OCCURED







COSINE 0 O 0
TEST CONDITIONS
G= 1.0 x 106 LBM/HR-FT 2
PINLET= 153 to 105 psia
PEXIT = 131 to 58 psia
D=.214 INCHES









I --c.n - c *~
-250
FIGURE 15. TOTAL CRITICAL





IN LET SUBCOOL IN G, A Hin, BTU /LBM

































G=1.0 x 106 LBM/HR-FT 2
R =ET 153 to 105psia -
PEXIT = 131 to 58 psia
D = .214 INCHES










-250 - 200- 200U
INLE T SUBCOOLING ,
-150
A Hin, BTU/ LBM
FIGURE 16. TOTAL CRITICAL POWER FOR LINEAR AND PEAKED FLUX DISTRIBUTIONS AT























G = 10 x 10 6 LBM/HR -FT 2
PINLET= 153 to 105 psia
PEXIT = 13 1 to 58 psia
CRITICAL LOCATION OCCURED
D = .214 INCHES
L = 30 INCHES
BETWEEN 29.5




















o M=2.27 VM=4.0 *M=5.75 V M=2.27 Y M=5.75 AM= 2.27 A M=5.75 # M=5.75-wM=5.75
COSINE LINEAR INCREASING LINEAR DECREASING PEAK INLET PEAK EXIT
FIGURE 17. CRITICAL LOCATIONS (INCHES FROM INLET) FOR THE
NONUNIFORM AX IAL FLUX DISTRIBUTIONS INVESTIGATED









COSINE 0 * 0
TEST CONDITIONS




7 to 110 psia
0 to 72 psia
INCHES











INLET SUBCOOLING, BTU/ LBM
FIGURE 18. TOTAL CRITICAL
AT G= 2.0 x 106
POWER FOR UNIFORM
LBM/HR- FT 2

















A EU - r-% A IJ " LJIVI 1 I 1
PEAK INLET - - PINLET - 227 to 110 psia
2.4- PEAK EXIT - - 4 PEXT = 120 to 72 psia
m D = .214 INCHES
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(XCRIT - %z~T=-%
1 .6 44
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H A~ j CINLT SBOLNAH T/B
FIGURE 19. TOTAL CRITICAL POWER FOR LINEAR AND PEAKED FLUX DISTRIBUTIONS AT












G =2.0 x 106 LBM/HR -FT 2
PINLET = 2 2 7 to 110 psia
PEXIT = 120 to 72 psia
D =.214 INCHES
L = 30 INCHES
I) CRITICAL LOCATION OCCURED
BETWEEN 29.5 AND 30.0 INCHES
FROM INLET UNLESS OTHERWISE
NOTED




0 M=2.27 OM=4.0 OM =5.75 V M=2.27 y M=5.75 a M=2.27 A M=5.75 M = 5.75 M =5.75
COSINE LINEAR INCREASING LINEAR DECREASING PEAK INLET PEAK EXIT
FIGURE 20. CRITICAL LOCATIONS (INCHES FROM INLET) FOR THE NONUNIFORM


















I)DATA NOT REPRESENTED BY
LINES ARE INDIVIDUALLY -
PRESEN TED
2) XCRITO UNLESS OTHERWISE
NOTED




LINEAR INC M = 2.27
LINEAR INC M =5.75
-300 -200
INLET SUBCOOLING, AH In ,
-100 -O
BTU/LBM



















D = .214 INCHES
L = 30 INCHES
PEAK INLET (M=5.75) *
PEAK EXIT (M =5.75) W
XCRIT>O UNLESS OTHERWISE
NOTED
























FIGURE 22. SUMMARY OF EFFECT OF PEAK INLET AND EXIT FLUX






+10% uy1wG =0.5 x 106
-10% PEAK EXIT
INLET SUBCOOLING, A HINLET, BTU/ LBM
















G =I.Ox 106 LBM/HR --F T 2
P = 2000 psia
D =.422 INCHES







































G = 2.5 x 106 LBM/HR -FT 2
P = 1000 psia
wg D = .446 INCHES










0 UNIFORM M =.O 0 z
COSINE M= 5.0 *
3.0- PEAK INLET M=5.0 $
PEAK EXIT M=5.0 <
-150 -100 -50
INLET SUBCOOLING, A HINLET, BTU / LBM
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FIXED G, F D,
\,*,CRITICAL CONDITION DUE TO
NUCLEATION-INDUCED
FILM DISRUPTION
- CRITICAL CONDITION DUE TOrANNULAR FILM DRYOUT
I
AHANN-x
FIGURE 26d. OPERATING LINES FOR TEST
SECTION FOR QTOT EQUAL
AND LESS THAN QCRIT
AHANN-c
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MAXIMUM CAVITY RADIUS (FT) REQUIRED FOR VARIOUS PRESSURES
P=2000psia 4 .2 .1 06 .04 .02 .01 .006XIO-5FT
.1 .2 4 .6 .8 LO 2 4 6 810 20 40 60 100
WALL SUPERHEAT, TWALL-TSAT, *F
FIGURE 27 BERGLES-ROHSENOW CRITERIA (REF 35) FOR
INCIPIENT BOILING (q/A)i=15.60 Pl1 56















1 x 104 1 I I I I
1 2 4 6 8 10 20 40 1 2 4 6 810 20 40
WALL SUPERHEAT, TWALL-TSAT ,F
FIGURE 28. VARIATION OF TWO PHASE HEAT TRANSFER COEFFICIENT (h)
WITH MASS FLOW RATE (G)
hTP PER
hTp = 3 .5hL
)ENGLER-ADDOMS















I I 1 1I I I
TEST CONDITIONS
G=I.0 xO 6 BTU/HR-FT 2
P = 78psia
X .38
D = .214 INCHES
L = 30 INCHES
DATA REPRESENTS CRITICAL
CONDITIONS OF TEST SECTION
NO. 1271
/A)i AT CRITICAL LOCATION
61 x 105 BTU/HR-FT 2
TWALC TSAr AT
(q/A) i = 9.5*F
1.0
I I I I
WALL SUPERHEAT,
10




DETERMINATION OF HEAT FLUX REQUIRED





























TEST SECTION NO. 1271
LINEARLY DECREASING HEAT FLUX
G =1.0 x 106 BTU/HR -FT 2
PIN = 130 psia D = .214 INCI
Poy= 66 psia L = 30 INC










































































LOCAL POSITION, AHANN , BTU/LBM
FIGURE 31. OPERATING LINES FOR TEST SECTION





G = 1.0 x 106 BTU/HR -FT 2
AHi =-246.I BTU/LBM
A INDICATES CRITICAL LOCATION -













































UNIFORM (M=1) 0 L=30 0L=48INCHES INCHES
M=2.27 4.0 5.75
COSINE 0 0 *
LINEAR INC. v - v
- LINEAR DEC. A - A
PEAK INLET 
- -
- PEAK EXIT - -
TEST CONDITIONS
G=O.5xlO6 LBM/HR-FT 2
PINLE T = 135 to 100 psia








0 100 200 300 400
ENTHALPY INCREASE, ANNULAR TRANSITION TO
LOCATION, AHANN-C , BTU/LBM
500
CRITICAL
FIGURE 32. CRITICAL FLUX RESULTS AT G =0.5 x 106
LBM/ HR- FT 2
1 4- A ft I I I-
-213-








































100 200 300 400 500
ENTHALPY INCREASE, ANNULAR TRANSITION TO CRITICAL
LOCATION, AHANN-C, BTU/ LBM
FIGURE 33. CRITICAL FLUX RESULTS AT G= 1.0 x 106
LBM/HR -FT 2
-A
G=1.O x 106 LBM/HR-FT 2
PINLET = 153 to 105 psia
PEXIT =131 to 38 psia
A H In = - 60 to -270 BTU/LBM
D = .214 INCHES




UNIFORM (M=) INCHES INCHES A#*
M = 2.27 4.0 5.75 -
COSINE0 0
LINEAR INC. V - V
-LINEAR DEC. 1 - A
PEAK INLET - - #










































M =2.27 4.0 5.75
-UNIFORM (M=I) 0
COSINE 0 0 0
LINEAR INC. V - V
LINEAR DEC. A - A
PEAK INLET 
- -
PEAK EXIT - - +
1 |
100 200 300 400 500
ENTHALPY INCREASE, ANNULAR TRANSITION TO CRITICAL
LOCATION , AHANN-C , BTU/LBM




PINLET = 227 to I10 psia
PEXIT = 120 to 72 psia
D = .214 INCHES
L = 30 INCHES
A Hin= -100 to - 280 BTU/LBM
NOTE : TEST SECTIONS





























FIGURE 35. DIMENSIONLESS REPRESENTATION OF BERGLES-
ROHSENOW NUCLEATION THEORY. THE EFFECT
OF LIMITED MAXIMUM CAVITY SIZES IS SHOWN








20.0 G =.088 x 106 LBM/HR -FT
2
D = .366 INCHES
AHIN= -4.0 to - 135.0 BTU/LBM
1 0.0
8.0 - - -




x U 9 INCHES
D 2.0 112 INCHES 1*%
- 2.0- 18 INCHES -
o &1 24 INCHES
A2 48 INCHES LOWER LIMIT OF DATA
X N 72 INCHES
_1 0 96 INCHES
- 1.0 --- CONNECTS TEST
IJ SECTIONS OF EQUAL
0.80 LENGTH
S0.60 tlO% QCRITICAL




500 600 700 800
ANNULAR TRANSITION TO CRITICAL LOCATION
A HANN -C , BTU/ LBM
UNIFORM FLUX DISTRIBUTION DATA OF HEWITT ET AL. (REF41)FIGURE 36.





















G = 1.0 x 10 LBM/HR FT 2 ._A HIN = -159.4 BTU/LBM
TEST CONDITIONS
G = 1.0 x 106 LBM/HRFT2 .
AHIN = - 246.3 BTU/LBM
P = 127 to 52 psia
D =.214 INCHES









i i I i
100 200 300 400
TRANSITION TO LOCAL




FIGURE 37. OPERATING HISTORIES FOR TOTAL INPUT POWER UP TO THE CRITICAL POWER(UNIFORM AND LINEAR FLUX DISTRIBUTIONS)
LINEAR INCREASING FLUX DISTRIBUTEO
TEST SECTION 1204
i i - I I
TEST CONDITIONS
G =1.0 x 106 L BM/HR FT 2
AHIN = -70.5 BTU/LBM









LINEAR DECREASING FWX DISTRBUTION
TEST SECTION 1255
i i i I
TEST CONDITIONS
G= 1.O x 106 LBM/HRFT?-


























G =1.0 x 106 LBM/HR FT
2
A HIN = -109.7 BTU /LBM
P = 127 to 57 psia
PEAK EXIT FLUX DISTRIBUTION
TEST SECTION 2556
1 1 1 1
I I I I
TEST CONDITIONS
G=I.OxIOLBM/HRFT2 -
\A HIN =-241.7 BTU/LBM
P =125 to 52 psia
COSINE FLUX DISTRIBUTION
TEST SECTION 50[ (M=5.75)
I I I I
0 100 200 300 400 0 100 200 300 400 0 100 200 300 400
ENTHALPY INCREASE, ANNULAR TRANSITION TO LOCAL POSITION, AHANN-x, BTU/LBM
FIGURE 38. OPERATING HISTORIES FOR TOTAL INPUT POWER UP TO THE CRITICAL POWER













ENTHALPY INCREASE, ANNULAR TRANSITION
TO LOCAL POSITION, HANN-X ,BTU/ LBM


























100 200 300 400 0
CRITICAL LOCATIONS-
o TEST SECTION 201
D TEST SECTION 333






LBM/HR-FT 2  .
AHIN'-245 BTU/LBM










ENTHALPY INCREASE, ANNULAR TRANSITION TO LOCAL POSITION, AHANN-X ,BTU/LBM
FIGURE 40. THE EFFECT OF M VALUE (RATIO
THE CRITICAL LOCATION









AHIN'- 2 4 T BTU/LBM

















50.0 - l)1kl ll lI"N-50. Nb G=0.5X 106 LBM/HR-FT 2





5.0 _REGION LIMITS '- CRITICALFROM FIG. 32 *REGION
A HIN =- 2374 BTU/LBM LIMITS FF
TEST SECTION 2552 FIG. 32
1.0 A HIN = -101.7 BTU/LBM
TEST SECTION 2553
.5 -PEAK EXIT FLUX DISTRIBUTION PEAK INL
0 100 200 300 400 500 0 100
ENTHALPY INCREASE, ANNULAR
TO LOCAL POSITION, AHANNX
FIGURE 41. THE EFFECT OF
LOCATION (PEAK
INLET SUBCOOLING ON THE CRITICAL
EXIT AND INLET FLUX DISTRIBUTIONS)




N| K TEST CONDITIONS
G=0.5X106 LBM/HR-FT 2-
P =124 TO 106 psia
D=.214 INCHES














As IN = -2324 BTU/L
TEST SECTION 1560
LINEAR DECREASING FLUX DISTRIBUTION
oo 200 300 400 500
ENTHALPY INCREASE, ANNULAR TRANSITION TO
LOCAL POSITION, AHANN-X , BTU/LBM
FIGURE 42. THE EFFECT OF INLET SUBCOOLING ON THE
CRITICAL LOCATION (LINEAR DECREASING
FLUX DISTRIBUTION)
CRITICAL REGION N
LIMITS FROM FIG. 32
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TEST CONDITIONS
PCRITICAL = 4 0 to 175 psia
AHin = -50 to-280 BTU/LBM
D = .214 INCHES















cr 300 400 500
ENTHALPY INCREASE, ANNULAR TRANSITION TO CRITICAL
LOCATION, A HANN -C , BTU/LBM
FIGURE 43. COMPARISON OF CRITICAL FLUX RESULTS FOR THE













































0 200 400 600 800
ENTHALPY INCREASE, ANNULAR TRANSITION TO
POSITION, A HANN -X , BTU/ LBM
1000
LOCAL
FIGURE 44. EFFECT OF LENGTH ON THE CRITICAL
CONDITION
-2214-













SECTION OF LENGTH \
0 9 INCHES
E 12 INCHES



























G =.088 x 106 LBM/ HR-FT 2
D=.366 INCHES
L= 12 INCHES
I3 12 INCH LONG TEST
SECTION CRITICAL
LOCATION
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a 0 zM10050 80 -0
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20 -r0
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08 -AHIN -674 BTU/LBM tHIN=- 1190 8TU/LBM AHIN=119 3 BTU/LBM
x 60 -CINDICATES THECRITICAL LOCATION (INDICATESTHE CRITICAL LOCATION INDICATES THE CRITICAL LOCATION .
-J
u40
0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
ENTHALPY NCREASE, ANNULAR TRANSITION TO LOCAL POSITION, AHANN-x BTU/LBM
FIGURE 46 THE EFFECT OF FLUX SPIKE LENGTH ON THE CRITICAL CONDITION FOR G=10X10 6 LBM/HR-FT 2
100.0 | I_
cr80.0 -
60.0 - SPIKE LENGTH 1.0 INCHES SPIKE LENGTH= 5.0 INCHES SPIKE LENGTH =9.0 INCHES
400 ---
N N% N.CRITICAL REGION LIMITSN0.0 -.- - -- FROM FIGURE 33
10.0 -
8Bo - -- - -
; 0. NTEST SECTION
6.0 - - 7250, M=2 27
AI --
-pa
t 20 -- -
TEST SECTION 7550, M=5.7
x - TEST SECTION 7750, M=70
FLAGGED SYMBOLS INDICATE THE CRITICAL FLAGGED SYMBOLS INDICATE THE CRITICAL FLAGGED SYMBOLS INDICATE THE CRITICAL
LOCATION LOCATION LOCATION
w 4 LCTO
0 50 100 150 200 250 300 350 0 ~50 100 150 200 250 300 350 0 50 100 150 200 250 300 350
ENTHALPY INCREASE, ANNULAR TRANSTION TO LOCAL POSITION, AHANN-X , BTU/LBM




















u 50AXIAL FLUX DISTRIBUTION
t 50 UNIFORM M=I o
I
m ~COSINE M =5.0 0
PEAK INLET M=50 $
PEAK EXIT M=5.0 +
20
LL L
-40 -20 0 20 40 60 80 (00
0
t ENTHALPY INCREASE, ANNULAR TRANSITION TO LOCAL POSITION
AHANN-C, BTU/LBM
FIGURE 48. CRITICAL FLUX RESULTS AT 1000 PSIA FROM
BABCOCK AND WILCOX DATA (REFERENCE 15)
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0 1o CRITICAL LOCATION FOR
UNIFORM FLUX DISTRIBU-
S1000 -- TO












c- -40 -20 0 20 40 60 80 100
u ENTHALPY INCREASE, ANNULAR TRANSITION TO LOCAL POSITION
o AHANN-X , BTU/LBM
0
FIGURE 49. ESTIMATION OF THE CRITICAL REGION WIDTH (IN % TOTAL
INPUT POWER) OF FIGURE 48 FOR 1000 psia DATA(REFERENCE 15)
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G=I.0X10 6 LBM/HR-FT 2
P= 2000 psia














-20 20 40 60 80
'-p
100
ENTHALPY INCREASE , ANNULAR TRANSITION TO LOCAL POSITION
A HANN-C , BTU -LBM
FIGURE 50 CRITICAL FLUX RESULTS AT 2000 PSIA FROM
BABCOCK AND WILCOX DATA (REFERENCE 5)
5000 I-
AXIAL FLUX DISTRIBUTION
UNIFORM M= 1.0 o
- CENTRAL PEAK M= 3.05
PEAK INLET M=5.0 $
PEAK EXIT M= 5.0 +
-40
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4 TEST RUN 47
'5000 -SG=I.0X10 6 LBM/HR-FT 2
X P= 2000 psia
0\0 D=411 INCHES
' L=72 INCHES
















LLo -40 -20 0 20 40 60 80 100
0 ENTHALPY -INREASE, ANNULAR TRANSITION TO LOCAL POSITION
AHANN..X , BTU/LBM
FIGURE 51. ESTIMATION OF THE CRITICAL REGION WIDTH (IN%
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ENTHALPY INCREASE ANNULAR TRANSITION TO LOCAL POSITION
AHANN-X , BTU/LBM
FIGURE 52. THE EFFECT OF INLET SUBCOOLING ON CRITICAL FLUX
RESULTS FOR COSINE FWX DISTRIBUTION WITH FLUX
SPIKE (REFERENCE 5)
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